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Summary 
Genetic selection to enhance muscularity in beef cattle is desirable to increase retail 
beef yield and the profitability of the beef industry. However it is unknown how 
selection for greater muscling will impact on intermediary and muscle energy 
metabolism which may influence certain attributes of meat quality. In order to assess 
these impacts of selection for greater muscling in cattle, the physiological mechanisms 
that underpin the increase in retail beef yield must be identified. This thesis examined 
the impact of selection for greater muscling on: retail beef yield; muscle glycogen; 
whole body insulin responsiveness; adrenaline responsiveness of muscle, adipose and 
liver tissue; and proportion of glycolytic and oxidative myofibres and enzyme activities. 
This study used 11 high (High), 10 low (Low) and 3 high muscled steers with a 
myostatin mutation (High
Het
) from an Angus herd which had been visually selected for 
divergence in muscling over 15 years.  
The results of the yield test performed at bone-out showed that the High
Het
 and High 
muscled steers were the highest yielding with the lowest proportion of fat, while the 
Low muscling animals were the lowest yielding with the highest proportion of fat. 
Muscle glycogen and lactate concentration were analysed from four muscle biopsies, 
taken between 18 and 24 months of age, from the m. semimembranosus (SM), m. 
semitendinosus (ST) and m. longissimus thoracis et lumborum (LTL) of each animal. 
The muscle glycogen concentrations which were 6.1% higher in the High steers 
compared to the Low animals while the High
Het
 did not differ from either group.  
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The effect of selection for muscling on whole body insulin responsiveness was 
measured using the hyperinsulineamic-euglyceamic clamp technique. Insulin was 
constantly infused at 2 levels, glucose was concurrently infused to maintain 
euglyceamia, and the steady-state glucose infusion rate (SSGIR) indicated insulin 
responsiveness. At the low insulin infusion rate of 0.6 mU/kg/min, the SSGIR was 73% 
higher for the High muscling genotype animals when compared to the Low. At the high 
insulin infusion rate of 6.0 mU/kg/min, these differences were proportionately less with 
the High and the High
Het
 genotypes having only 27% and 34% higher SSGIR than the 
Low muscled genotype. The High muscled cattle also had 30% higher plasma IGF-1 
concentrations compared to the Low muscled cattle. The increased whole body insulin 
responsiveness in combination with higher IGF-1 concentrations in the High muscled 
steers is likely to initiate a greater level of protein synthesis, which may partially 
explain the increased muscle accretion in these animals. Increased insulin 
responsiveness in the High steers would also increase glycogenesis in the muscle, 
aligning with the glycogen results.  
The effect of selection for muscling on adrenaline responsiveness was measured using 7 
adrenaline challenges ranging between 0.2 to 3.0 µg/kg liveweight. Plasma was 
analysed for NEFA, lactate, glucose and growth hormone concentration and area under 
curve (AUC) over time was calculated to reflect the tissue responses to adrenaline. The 
High steers had 30% lower lactate AUC than the Low steers at challenges greater than 2 
µg/kg live weight, indicating lower muscle responsiveness at the highest adrenaline 
doses causing less glycogenolysis. This result also aligns with these animals having 
more muscle glycogen, thus more muscular animals may reduce the incidence of dark, 
firm, dry meat that is caused by low levels of glycogen at slaughter. At all levels of 
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adrenaline challenge the High steers had at least 30% greater NEFA AUC, indicating 
that their adipose tissue was more responsive to adrenaline, resulting in greater lipolysis. 
In agreement with this response, the High steers had a higher plasma growth hormone 
concentration, which is likely to have contributed to the increased lipolysis evident in 
these animals in response to adrenaline. This difference in lipolysis may in part explain 
the reduced fatness of muscular cattle. There was no effect of selection for muscling on 
liver responsiveness to adrenaline. 
Contrary to our initial hypotheses, the High steers had less glycolytic type IIX 
myofibres in the LTL and larger average cross-sectional area of myofibres in the SM 
and ST than their Low muscled counterparts. This suggests that myofibre hypertrophy 
may be a possible mechanism leading to greater muscle mass of these High muscled 
animals. This also indicates that breeding for more muscular cattle can actually maintain 
the oxidative capacity of the muscle, a finding supported by the enzymatic results 
showing that the High muscled steers had lower activity of lactate dehydrogenase and 
higher activity of citrate synthase and isocitrate dehydrogenase. The High muscled 
cattle also had a higher concentration of iron in the LTL, and selection for increased 
muscling had no impact on pH decline or retail colour stability, factors which both 
affect meat quality. 
The aim of the second experiment was to determine if phenotypic measurements taken 
at the time of grading for Meat Standards Australia (MSA) could explain variance in 
ultimate pH (pHu) of carcasses and the probability of a carcass complying with MSA 
standards for pHu (≤5.7). Analyses of 204,072 carcass records collated by MSA at a 
Western Australian processor confirmed that more muscular cattle have a higher 
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compliance rate for pHu. An increase in eye muscle area from 40 to 80 cm
2
, increased 
pHu compliance by approximately 14%. Therefore animals with greater muscularity had 
a lower incidence of dark, firm, dry beef supporting the results that High muscled cattle 
have increased insulin responsiveness, and reduced adrenaline responsiveness, leading 
to increased glycogen storage at slaughter. Thus, breeding more muscular cattle with 
eye muscle area greater than 70 cm
2
 may help alleviate the problem of dark, firm, dry 
beef. As rib fat depth increased from 0 to 20mm, pHu  compliance increased by around 
10%. Heavier cattle also had higher compliance than lighter cattle, and younger cattle 
also had higher compliance rates. This highlights the importance of good nutrition and 
high muscle glycogen storage prior to slaughter to maximise compliance rates. 
The final study examined 81 commercially managed High and Low muscled steers and 
showed that the effects of muscularity on muscle glycogen were variable as pasture 
quality and availability changed however there were no negative effects of selection for 
greater muscling on muscle glycogen, glycogenolysis pre-slaughter, or on the incidence 
of dark, firm and dry carcasses. Animal temperament assessed using crush score and 
flight speed measurements did however affect muscle glycogen with the more flighty 
animals having lower muscle glycogen concentrations.  
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Chapter 1. Introduction 
Beef cattle are primarily raised for the production of meat, making muscle the tissue of 
major economic importance (Hocquette et al., 1998). Consumer expenditure combined 
with the export value of Australian beef was around $12.1 billion in the 2008-09 
financial year (MLA, 2009). The beef industry, including live cattle exports, contributes 
around 17% to total Australian farm exports, ranking it the most valuable farm export in 
2008-09 (MLA, 2009). Australia is one of the most efficient producers of beef in the 
world, however the demand for protein in the form of red meat around the globe is 
increasing and there is limited opportunity to expand the land mass used for beef 
production. This creates the need for beef production systems to become more efficient, 
increasing their productivity. 
Efficiency and productivity of beef production systems can be increased by improving 
the breeding systems and the nutrition of animals, however in recent times genetic 
selection for animals with greater muscling has led to a tremendous increase in animal 
efficiency and carcass yield (Lefaucheur, 2010). More muscular carcasses yield a higher 
percentage of saleable muscle per kilogram of carcass weight (O'Rourke et al., 2009), 
which increases the profit of the beef industry as a whole. Historically, greater muscling 
was achieved by cross breeding or visually selecting animals with greater width and 
convexity of the hindquarter and loin (Elliot et al., 1987). However in recent times, 
genetic evaluation systems like BREEDPLAN have been developed in Australia. 
BREEDPLAN provides an objective measurement of important production traits such 
as eye muscle area (EMA), retail beef yield (RBY), 400 and 600 day weights plus 
various fat indicators. Producers can use these genetic figures to select sires with the 
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desirable trait characteristic and via the accuracies provided be reasonably sure that the 
offspring of that sire will inherit the benefits of that trait. Even more recently, there has 
been the advent of gene markers to further aid producers when selecting prospective 
sires. Selection of cattle using the gene marker for the mutated myostatin gene for 
„double muscling‟ (Grobet et al., 1997) has also allowed for rapid gains in retail beef 
yield.  
Selection for muscling has, however, raised a number of questions concerning its 
broader impact on the physiology of the animal. In particular, it is unknown how 
selection for greater muscling will impact on intermediary and muscle energy 
metabolism. This information is immensely important to ensure meat quality is 
maintained. Some studies have shown that increasing retail beef yield adversely affects 
some aspects of lean meat quality. Cameron et al. (1999) and Hocquette et al. (1998) 
agree that there is generally a compromise between efficiency of muscle development 
and the sensory satisfaction of consumers. 
At the outset of this study, it was thought that more muscular animals might become 
more prone to the dark cutting syndrome as shown in studies by Monin (1981a and 
1981b) . Dark cutting is caused by low muscle glycogen concentrations at slaughter 
which leads to a high ultimate pH (pHu) and results in darker meat colour, variable 
tenderness, bland flavour and reduced shelf life (Ferguson et al., 2001). The muscle 
glycogen concentration at slaughter is the result of stored resting glycogen minus the 
quantity of glycogen mobilised due to stress and exercise pre-slaughter (Tarrant, 1989). 
It is well documented in the pork industry that selection for higher yielding pigs has 
altered muscle energy metabolism, affecting both the rate of glycogen synthesis, rate of 
3 
 
glycogen breakdown due to stress and adversely affecting meat quality (Essen-
Gustavsson et al., 1994; Sellier and Monin, 1994).  
In order to assess these impacts of selection for greater muscling in cattle, the 
physiological mechanisms that underpin the increase in retail beef yield must be 
identified. The studies in this thesis specifically aim to investigate the effect of selection 
for muscling on the shift in muscle fibre type and identify the interactions with muscle 
glycogen concentration, muscle ezymatics, insulin responsiveness, adrenaline 
responsiveness and other factors like pH decline, which may impact on meat quality. 
High and low muscling genotype Angus steers plus a small subset of steers with a 
myostatin mutation were used for the controlled mechanistic studies of insulin and 
adrenaline responsiveness, plus fibre typing and muscle enzymatic. The results from 
this study led to the formation of hypotheses, which were tested in a commercial herd of 
Angus steers selected for divergence in muscling and in a large industry data analysis of 
Meat Standards Australia (MSA) data. These studies further investigated the effects of 
selection for increased muscling on muscle energy metabolism, in particular glycogen 
concentration and the incidence of dark cutting within the Western Australian beef 
industry. 
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Chapter 2. Literature Review 
2.1 Dark cutting 
Dark cutting is a world-wide problem which affects beef, lamb and pork. Dark cutting 
beef is also known as dark, firm, dry beef and is caused by the meat having an elevated 
pHu. The major determinant of pHu is the quantity of muscle glycogen at slaughter, 
which in the anaerobic conditions of the muscle post-mortem, is metabolised through 
glycolysis to form lactic acid. The formation of lactic acid lowers the pH of the muscle 
from pH 7 or 7.2 which is standard in a living animal (Tarrant, 1989), down to a pHu of 
around 5.5, 24 to 48 hours post mortem. Beef with a pHu less than 5.7 will have a bright 
cherry red colour which is desired by consumers; however meat with a pHu greater than 
5.7 will be darker in colour and will have a negative impact on meat quality, which will 
be discussed further in section 2.1.1. The colour of dark cutting beef is heavily 
discriminated against by consumers as colour is primarily used as a cue for meat quality 
(Grunert et al., 2004). It is for this reason plus the extra negative impacts on meat 
quality, that carcasses with a pHu greater than 5.7 are not eligible for grading under the 
Meat Standards Australia (MSA) grading system (Thompson, 2002). The Meat Board 
Quality Mark for the New Zealand domestic market also acknowledges the impact of 
dark cutting on meat quality, but has slightly higher tolerance only excluding carcasses 
with pHu greater than 5.8, as measured in the longissimus thoracis et lumborum  (LTL) 
(Simmons et al., 2000). 
Resting muscle glycogen concentrations in live animals vary between muscles and 
depend heavily on the diet and rearing conditions of the animal. Glycogen 
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concentrations can range from 60 to 130µmol/g (McVeigh and Tarrant, 1982; Crouse et 
al., 1984; Pethick et al., 1994), with higher concentrations measured in grain fed cattle 
(Pethick et al., 1994). Muscle glycogen concentrations will also oscillate with the 
seasons (Knee et al 2007) as the quality, namely metabolizable energy of pasture, 
changes. However if muscle glycogen concentration at the time of slaughter is below a 
threshold of about 0.40 – 0.57g/100g (Howard, 1963; Tarrant, 1989), it will warrant 
insufficient production of lactic acid post mortem, which leads to a subsequently high 
pHu (>5.7) causing the carcass to be classified as a „dark cutter‟(Ferguson et al., 2001). 
Thus, in most cases muscle glycogen must be heavily depleted prior to slaughter before 
any pHu response is detected (Lawrie, 1992). For this reason, the pHu of meat has 
proven to be a relatively insensitive measure for understanding muscle metabolism. 
Muscle glycogen concentration is a far more sensitive probe for studies in this area and 
for this reason has been used extensively in this study. The responsiveness of animals to 
insulin and adrenaline also underpin the balance between glycogen synthesis and 
glycogen breakdown, therefore also form a large component of this thesis.  
2.1.1 Impact of dark cutting on meat quality 
Visual preference of consumers for dark cutting meat is low, as meat colour is a primary 
indicator of quality utilised by consumers. Meat colour is largely determined by the 
content and nature of myoglobin  and muscle pH. The ultimate pH of meat affects the 
oxygenation state of the red pigment in muscle myoglobin and the physical state of the 
proteins in the muscle. Myoglobin in high pH meat (>5.7) is predominately in the 
deoxygenated form (Moss, 1992) called deoxymyoglobin, which has a dark purple hue 
creating a darker meat colour. Coupled with this is the fact that the proteins in meat with 
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a high pHu are also above there iso-electric point, causing them to have a higher water 
holding capacity. This causes muscle fibres to be more tightly packed, which reduces 
the scatter of light from the meats surface, creating the dark colour observed in dark 
cutting beef (Seideman et al., 1984; Faustman and Cassens, 1990). Two thirds of 
participants in a consumer panel study conducted by Viljoen et al. (2002) exercised 
their free choice and elected not to select dark cutting meat, when normal coloured 
steaks were available. This discrimination by consumers based on appearance is 
warranted as a high pHu does have effects on meat quality. 
The tenderness of high pH meat is variable, but the toughness increases as pH increases 
between 5.8 and 6.0 in both beef (Purchas and Aungsupakorn, 1993) and lamb 
(Watanabe et al., 1995). Although as pHu levels increase from around 6.2, tenderness 
increases (Katsaras and Peetz, 1990) however, the mechanism for this tenderness is 
unknown and of little interest as high pHu meat has little value, due to its dark colour.   
High pHu meat has low organoleptic appeal and consumers in general prefer the 
stronger beef flavour of normal meat (Dransfield, 1981). The residual glycogen, which 
is still present in normal meat at the time of cooking, contributes to the browning 
reactions and may enhance the flavour of the meat. The residual glycogen of normal 
meat also allows microbial populations to preferentially utilise glycogen as a fuel, 
producing CO2 and H2O as metabolic by-products.  When there is no glycogen 
available, the microbes utilise the muscle protein, which yields ammonia resulting in 
“off” odours and flavours (Newton and Gill, 1981). This may further contribute to the 
dislike in flavour of high pH dark cutting meat.  
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The residual glycogen in normal meat increases the water holding capacity and assists 
to reduce drip loss when compared to a dark cutting meat (Immonen et al., 2000a). 
Glycogen is hydrophilic and binds to 3 to 4 times its weight in water (Olsson and Saltin, 
1970), which reduces the loss of moisture from the meat. Dark cutting meat can also be 
dry in texture.    
The high pHu of dark cutting meat predisposes it to an increased rate of microbial 
spoilage (Shorthose, 1989). The high pH is a more favourable environment for bacterial 
growth (Newton and Gill, 1981), thus the rate at which this meat reaches a level of 
microbial activity which is deemed not safe for human consumption is a lot shorter than 
that of normal meat.  
2.1.2 Incidence of dark cutting 
The incidence rate of dark cutting across the entire Australian beef slaughter is difficult 
to gauge accurately, however pHu is measured on every carcass graded under MSA 
protocols. 5.45% of 1,152,846 cattle graded by MSA in 2009 were recorded to have 
high pHu indicating that these cattle are dark cutters. MSA data over recent years has 
shown a trend for a decrease in the incidence of the dark cutting syndrome, down by 
around 1.9% in 2009 from a high of 7.32% in 2006 (Table 2-1).   
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Table 2-1: The percentage of carcasses classified as a dark cutter (pHu > 5.7) by Meat 
Standards Australia from 2005 to 2009 (adopted from MSA Feedback and 
Benchmarking System, 2010)  
Year Cattle slaughtered* („000) No. cattle MSA graded % pHu>5.7 
2005 8466.5 407,026 6.08 
2006 8854.4 589,314 7.32 
2007 8960.0 770,203 6.14 
2008 8771.0 906,743 5.92 
2009 8530.4 1,152,846 5.45 
*Data accessed from Australian Bureau of Statistics (2010) 
The number of cattle graded under MSA protocols has increased rapidly and in 2009, 
MSA is believed to have graded around 1/3 of all trade cattle slaughtered in Australia 
(A. Bloxsom, pers. comm.). It can be assumed that the other 2/3 of the trade cattle will 
have a similar or slightly higher incidence of dark cutting as recoded by MSA. 
However, the remaining 5.5 million cattle that are slaughtered annually in Australia are 
cull cows, bulls and calves, of which bulls and old cows are renown to have a higher 
incidence of dark cutting (Brown et al., 1990). This is possibly due to more mixing of 
social groups, greater use of sale yards and lower glycogen storage in the muscle of 
older animals. Thus, it can be assumed that the overall incidence of dark cutting in cattle 
slaughtered in Australia may be considerably higher than that measured by MSA in the 
trade weight cattle and closer to a value of around 10%. 
Earlier, less extensive studies by Warner (1989), where pH measurements were taken 
from eight major abattoirs in Victoria for a 12 month period, demonstrated an average 
incidence of dark cutting of 9.6%. This figure was significantly lower for feedlot cattle 
than animals from pasture (0.8 v 10.1%). However, in that same year, a study by 
McIntyre (1989) showed that the incidence of dark cutting in shorthorn cattle from 
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northern Western Australia was particularly high ranging between 33 and 69% of all 
consigned animals. It is interesting to note that these studies were conducted prior to the 
implementation of MSA in Australia. These figures indicate that the systems based 
approach implemented by MSA has effectively reduced the incidence of dark cutting, 
by improving producer‟s knowledge of the causes and using prevention strategies 
available to minimise the incidence of dark cutting. Other factors that may have also 
contributed to the reduction in dark cutters in Australia over the past 2 decades are: 1.) 
the increased use of feedlots to finish cattle, improving the animals pre-slaughter 
nutrition and 2.) the vast improvements in transport, liarage and slaughter practices 
which minimise stress endured by the animals during the pre-slaughter period.    
Dark cutting is a world-wide problem, but figures from around the world on the 
incidence of this problem are equally difficult to gather other than from the UK and 
USA. Brown et al. (1990) stated that the overall incidence of dark cutting in the UK 
with a pHu>6.0 was 4.1%. Furthermore, Smith et al. (2005) reported that the dark-
cutting condition is found in only 1.5% of carcasses in the USA as determined by 
USDA graders, but this small percentage still has a large negative impact on the beef 
industry (Bass et al., 2008).  
2.1.3 Cost of dark cutting to beef industry 
Currently in Australia processing plants are penalising producers from $0.20/kg up to 
$0.50/kg carcass weight for dark cutting carcasses, which equates to a loss of between 
$50 and $125 for an average 250 kg carcass, depending on the processor. Based on the 
number of trade cattle slaughtered in Australian abattoirs in 2009 (~3 million) and the 
current rate of dark cutting in these animals (5.45%), this can be extrapolated to a total 
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cost to producers of A$20.4 million. However, there is also a cost of dark cutting 
carcasses to processors, which is difficult to define, but can be assumed to be equal or 
greater than the cost to producers. This extrapolated figure does also not take into 
account the cost of dark cutting in older cattle or calves to producers or processors. 
Previous work by Fabiansson et al. (1989) estimated the cost in 1988 to be A$30 
million per year to the Australian beef industry. This cost seems to have decreased in 
2009 even though the prices paid have increased slightly from 1988, primarily due to 
the lower incidence of dark cutting in 2009 compared to 1988. This problem is not 
unique to Australia, with research by Smith et al. (1995) estimating a cost of US$6.08 
per animal harvested in the United States. 
2.1.4 Cause of dark cutting 
Dark cutting is caused by low levels of muscle glycogen at slaughter and insufficient 
production of lactic acid in the muscle post-mortem to lower the acidity to below 5.7. 
Muscle glycogen concentration at the time of slaughter is a function of resting muscle 
glycogen minus the quantity of glycogen degraded in the pre-slaughter period during all 
processes from mustering to slaughter. The majority of research conducted on muscle 
glycogen and dark cutting has focused on the degradation of muscle glycogen. 
However, glycogen has been shown to be in a constant state of turnover (Price et al., 
1999), suggesting that the pathways of synthesis are as important as degradation in 
precipitating the final glycogen concentration at slaughter. An increase in synthesis will 
allow for a greater glycogen buffer prior to the stress of transferring animals from farm 
to slaughter, which is an inevitable consequence (Ferguson and Warner, 2008). Thus, 
animals with higher resting muscle glycogen will be less likely to have a high pHu 
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compared with animals that have lower resting glycogen and undergo the same pre-
slaughter processes.    
Depleted muscle glycogen prior to slaughter is possibly the greatest factor, which 
predisposes animals to dark cutting. Glycogenolysis in muscle can be induced by 
adrenaline, or by strenuous muscle activity/contraction of muscle fibres. Thus any 
persistent behavioural or environmental circumstances that trigger either of these 
mechanisms can cause dark-cutting. Stressors that potentiate the adrenergic axis will 
generally deplete all muscles within the carcass due to the systemic impact of adrenaline 
(Tarrant, 1989). Alternatively, circumstances that involve strenuous muscle activity will 
only cause glycogen depletion in those muscles used in the contractile process (i.e. 
fighting or mounting).  Thus dark-cutting may be limited to particular muscle groups 
within a carcass (Tarrant, 1989). This effect is also likely to be greater in those muscles 
with a higher glycolytic potential (Monin, 1981a; Lacourt and Tarrant, 1985). However, 
the introduction of MSA into Australia has raised the awareness of the effects of mixing 
and strenuous exercise prior to slaughter on dark cutting. Under MSA guidelines these 
practices are not allowed for a two week period before slaughter, which is a primary 
reason for the decrease in dark cutting in Australia over the last decade.  
2.2 Selection for Muscling 
Selection for muscling in beef cattle increases muscle mass, subsequently increasing the 
retail beef yield of a carcass. Retail beef yield is a significant profit driver, making 
selection for greater muscling of immense importance for Australia‟s beef industry. 
Cattle with greater muscle mass also have high feed conversion efficiency, which 
decreases production costs, lowers the quantity of greenhouse gases excreted into the 
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environment per animal and reduces pressure on world feed supplies (Sillence, 2004) 
while meeting the world‟s increased demand for red meat. It is these benefits associated 
with more muscular cattle, which have driven the increased selection pressure on 
muscling. This had led to large advances in retail beef yield, efficiency and productivity 
across the Australian beef industry over recent decades.   
2.2.1 Selection tools 
In order to select for muscling in production animals, there are four general methods 
used in Australia; subjective visual selection, cross-breeding, quantitative selection 
using genetic figures and qualitative selection utilising genetic merit. Quantitative 
selection involves the evaluation of the physical characteristics of individuals and 
making decisions based upon the level of performance in specific trait categories based 
on figures. Qualitative selection involves assessment of the genome of individuals and 
making decisions based upon the presence or absence of certain genetic sequences. The 
future of cattle selection programs lies in the merging of these two techniques to provide 
selection criteria that are based both on the physical attributes and the genetic potential 
of the individual.  
2.2.1.1 Visual selection  
Visual muscle scoring is a cheap, easy and quick way to evaluate the merits of an 
individual animal. Visual muscle scoring has been used over many centuries to select 
beef cattle, which exhibit greater muscle hypertrophy in order to increase yield and 
productivity, especially in European countries. Muscle scores, which are assigned by 
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trained assessors, are an accepted part of live animal appraisal and are used by the 
National Livestock Market Reporting Service in Australia (McKiernan, 2007).  
Accurate visual muscle scoring can only be achieved if the assessor can first estimate 
the level of subcutaneous fat covering the animal‟s body, as fat can often be confused 
with muscle, hindering the evaluation of the animal‟s shape. Muscling is the degree of 
thickness and convexity of an animal relative to its frame size, after adjustments have 
been made for subcutaneous fat depth (McKiernan, 2007). Regions and signs of 
muscling in order of importance according to McKiernan (2007) are thickness and 
roundness of the hindquarter, stifle thickness and width in the twist and width and 
definition across the back and loin. It is recommended to observe cattle from directly 
behind to observe thickness through the hindquarter and loin, plus observe the width of 
stance of the animal. A scale can be assigned to each individual to recognise their 
individual merit in terms of muscling. A scale which is commonly used in Australia is 
based on scores from A+ for an extremely heavily muscled European breed like a 
Belgium Blue down to an E-, which would be assigned to a very poorly muscled dairy 
type animal which has virtually no thickness through the stifle region (McKiernan, 
2007).  
2.2.1.2 Cross breeding  
There are over 800 breeds of cattle recognised world-wide which fall under two species; 
Bos indicus and Bos taurus. Each breed can be dual purpose or have a specific purpose 
and possess qualities, which are desired for a particular market, environment or rearing 
system. Due to variation in desirable traits of particular breeds, differences in the 
quantity of muscle and retail beef yield are prevalent. Most British breeds like Angus 
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and Hereford along with Bos indicus cattle have moderate muscling and have desirable 
genetics for ease of finishing. European breeds of cattle like the Limousin or Charolais 
are heavily muscled animals with very convex hindquarters, limited fat and high 
yielding carcasses. It is possible to simple cross these breeds of cattle together to get 
half the genetic merit of the two breeds in the progeny. In terms of muscling, if 
European breeds are utilised to cross with British breeds and Bos indicus cattle, the 
progeny will gain large improvements in muscling and growth, plus the added benefit of 
hybrid vigour. Cross-breeding is possibly the most cost effective and easy to manage 
method to achieve rapid improvements in muscling in a herd.      
2.2.1.3 Genetic selection 
Genetic evaluation systems around the world provide an objective measurement of 
important production traits. These systems, like BREEDPLAN in Australia are available 
for most breeds of beef cattle and give an estimation of superiority of offspring from a 
particular sire when compared to that breed‟s base standard. The superiority of a sire‟s 
genetics is formulated into a numerical value called an estimated breeding value (EBV), 
which can be then compared against values for other sires of the same breed. Since the 
implementation of BREEDPLAN, substantial genetic improvements for traits of 
commercial importance have been demonstrated across all breeds.   
Selection for greater muscling or retail beef yield can be achieved by increasing 
selection pressure on positive EBV‟s for carcass traits, in particular, eye muscle area 
(EMA) 
 and retail beef yield (RBY). The EBV‟s for these two traits allow animals to be 
directly compared to one another with respect to the degree of muscling seen in its 
offspring. EBV‟s for other traits can also be utilised, to select animals indirectly, for 
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greater efficiency and muscling. Positive selection for carcass weight, 400 and 600 day 
live weight and negative selection for rib and rump fat depth will give moderate gains in 
musculature of animals as these traits are positively and negatively correlated 
respectively (BREEDPLAN, 2010).    
However, the genetic gain of offspring depends on the heritability of each trait. 
Heritability is the proportion of superiority of parents in a trait, which is passed on to 
their progeny. Therefore, if the heritability is high for a particular trait, the progeny can 
be expected to be very similar to its parents in that trait (Simm, 2000). The heritability 
of eye muscle area is also moderate (Simm, 2000). Larzul et al. (1997) has also 
identified that the heritability of muscle fibre traits are moderate to high (0.20 to 0.59) 
in Large White pigs. In cattle the heritability of fibre diameter has been reported at to 
vary from moderate to high levels (0.29, 0.39, 0.74)  (Gravert, 1963; Osterc, 1974; 
Andersen et al., 1977). Fibre number in cattle also has moderate heritability (0.35) in 
cattle (Osterc, 1974). Very high heritability was also found for the percent share of type 
I myofibre, type IIX myofibre and the cross sectional area of type I myofibres (Larzul et 
al., 1997) in large white pigs. Thus, it appears that genetic variability and heritability are 
sufficiently high enough to use muscle traits as selection criteria.  
Unfortunately, EBV‟s are only as good as their accuracy and standard techniques, for 
calculating EBV‟s requires years of progeny testing to evaluate the true genetic value of 
each bull. All progeny must be raised, weighed, monitored, and finally slaughtered 
before one full set of progeny information is gathered. The cost of confirming that a 
particular bull has superior genetics is subsequently high, and has a significant time lag 
related, around 6 yrs to increase trait accuracies to 90%. Therefore, with the advent of 
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molecular genetics, people have been investigating the possibility of looking directly at 
the genome of potential breeding animals to quickly and efficiently determine which 
have the greater genetic potential to produce superior offspring and incorporating this 
genetic information into EBV‟s. Molecularly enhanced EBV‟s have the potential to 
markedly increase the accuracy of a young unproven sire‟s EBVs allowing superior 
breeding animals to be identified at a much younger age, at a much lower cost.  
2.2.1.4 Myostatin gene markers 
Myostatin is a naturally occurring protein from the TGF-β superfamily, which is a 
potent negative regulator of skeletal muscle mass (McPherron et al., 1997). Research 
conducted by McPherron et al. (1997) discovered the location of the myostatin gene. 
Mutations in the coding region of the bovine myostatin gene have been identified in 
beef cattle breeds. These mutations limit the ability of myostatin to regulate muscle 
mass and as a result are responsible for muscular hypertrophy (also known as „double 
muscling‟) in beef cattle. Myostatin mutations causes an increase in muscular 
hypertrophy through both muscle fibre hyperplasia as well as hypertrophy of fast-twitch 
type IIX muscle fibres (Swatland and Kieffer, 1974; McPherron and Lee, 1997). There 
are six well known mutations which cause myostatin loss-of-function: an 
insertion/deletion at nucleotide 419, an 11 base pair deletion at nucleotide 821, a 
missense mutation leading to an amino acid substitution, and 3 mutations that introduce 
premature termination codons (Grobet et al., 1997; Kambadur et al., 1997; McPherron 
and Lee, 1997; Cappucio et al., 1998; Grobet et al., 1998). A further myostatin mutation 
which causes an amino acid substitution, F94L, has also been indentified in Limousin 
cattle (Sellick et al., 2007), inducing a more intermediate phenotype when compared to 
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breeds like Belgium Blue. Other polymorphic sites have been identified in the myostatin 
gene, particularly in cattle, but their effects on muscularity in the absence of a disruptive 
mutation are relatively limited or unknown (Grobet et al., 1998; Dunner et al., 2003; 
O'Rourke et al., 2009).   
Selection of beef cattle with a known myostatin mutation will increase muscle mass in 
the progeny and are more commonly being used in breeding programs to gain rapid 
improvement in the muscling of beef herds. The two main options to utilise a myostatin 
mutation is to select cattle which are homozygous for the myostatin mutation (2 copies 
of the mutated allele) or to select heterozygous cattle. The homozygous animals have 
greater muscle hypertrophy than heterozygous counterparts. However, heterozygous 
cattle can deliver improvements in retail beef yield compared to homozygous wild type 
cattle (O'Rourke et al., 2009), without production problems like dystocia and reduced 
reproductive fitness commonly seen in homozygous cattle (Arthur, 1995). Thus, 
selection of heterozygotes appears to be a viable option for selecting cattle with 
myostatin mutations, but herd management requirements will increase to ensure the 
continuation of heterozygotes.   
2.2.2 Effect on carcass composition and yield 
Retail beef yield of a carcass is affected by muscularity and trimness of an animal. 
Muscling and adipose tissue or fat are generally negatively correlated (Perry et al., 
1993a; Bellmann et al., 2004). Thus selection for increased muscling in production 
animals like cattle and sheep has a dual effect on increasing beef yield. More muscular 
animals have larger eye muscle area (Cafe et al., 2006), lower fat depths at the 
quartering site (O'Rourke et al., 2009), rump fat site (Perry et al., 1993b) and less 
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trimmable fat overall (Perry et al., 1993b; Cafe et al., 2006; O'Rourke et al., 2009). 
These factors combined deliver carcasses which have a higher proportion of retail beef 
yield (Perry et al., 1993b; Cafe et al., 2006; O'Rourke et al., 2009). Cattle homozygous 
for a disruptive myostatin mutation have been shown to have up to a 20% increase in 
muscle mass, offering significant advantages in retail beef yield (Grobet et al., 1997). 
Steers that are heterozygous for a disruptive myostatin mutation have also been shown 
to have yield advantages of greater than 3% when compared to homozygous wild type 
steers of the same weight (O'Rourke et al., 2009). A change in muscle score from 
moderately muscled (C) to well muscled (B) in the absence of a myostatin mutation has 
also been shown to increase saleable yield by 1.7% and lean meat yield by 2.2% when 
expressed as a percentage of carcass weight (Perry et al., 1993b).   
2.2.2.1 Determining retail beef yield 
In commercial processors, a very crude way of predicting retail beef yield is by using a 
weight and fat grid and paying producers accordingly, which recognises that animals 
with more subcutaneous fat have a higher proportion of fat trim and lower yield. 
Significant research has been invested in the development of more sophisticated 
equations used to predict retail beef yield. Carcass traits (Epley et al., 1970; Crouse and 
Dikeman, 1976; Abraham et al., 1980; Hopkins and Roberts, 1995), live animal 
ultrasound measurements of well established and novel sites for fat and muscling 
(Williams et al., 1997; Realini et al., 2001; Greiner et al., 2003), ultrasound and carcass 
data of four primal cuts (Tait et al., 2005) have all been utilised to evaluate carcass yield 
to varying degrees of accuracy. In Europe, an alternative method used to assess yield 
and carcass composition is the equation developed by Robelin and Geay (1975)which 
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includes the weights of kidney and precrural fats in addition to the dissection data from 
the 6th rib cut and the carcass weight. 
The current reference method in research programs for assessing yield and composition 
is physical dissection of muscle, fat and bone from a carcass (Navajas et al., 2010). This 
method provides very accurate and valuable information, but it is a destructive, time 
consuming and costly procedure, making it unsuitable for use in research or breeding 
programs because of the large number of animals and near impossible conditions in 
commercial operations (Kempster et al., 1982). Video image analysis or VIA-scan, 
magnetic resonance imaging (MRI) and dual energy x-ray absorptiometry (DEXA) are 
other tools available to analyse yield  (Cannell et al., 1999). However, there has been 
limited uptake and availability of this technology due to size restrictions of the 
machines and expense. 
Computed tomography (CT) scans are another alternative method of analysing total 
body tissue weights. CT scans have been used successfully in longitudinal studies of 
sheep, pigs and deer (Jopson et al., 1997; Ball et al., 1998; Jones et al., 2002) for over a 
decade to provide non-invasive, accurate data. Recently, Navajas et al. (2010) 
accurately predicted weight of fat (R
2
 = 0.89-0.92)
 
, muscle (R
2
 = 0.99)
 
and bone (R
2
 = 
0.95-0.97) using CT scans of beef primal cuts.
 
However, there has been no use of CT 
scans of beef primal such as the hindlimb (butt with rump attached) to predict retail beef 
yield of a carcass. This method will be investigated in this thesis. Thus, CT scans may 
provide valuable and much faster information for research and breeding programmes 
than using anatomical dissection.         
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2.3 Ruminant Digestion  
The digestion of feed by a ruminant is unique amongst animals and must be clearly 
understood to evaluate the effects of increased muscling on intermediary metabolism. 
Ruminant diets largely consist of carbohydrates in the form of cellulose, hemi cellulose, 
starch and water soluble carbohydrates, which cannot be broken down by mammalian 
digestive enzymes (McDonald et al., 1995). Ruminants can utilise these cellulosic 
carbohydrates as their digestive tracts have evolved to contain a fermentation chamber 
(reticulo-rumen), which precedes the main site of digestion. The reticulo-rumen 
provides an environment, where micro-organisms can ferment ingested contents and 
convert the indigestible carbohydrates into products that are easily absorbed and 
digested by the animal (Van Soest, 1994). Aside from creating a selective environment 
for beneficial bacteria to multiply, the rumen acts to slow down the progression of 
ingesta, allowing for increased digesta retention time for more complete cellulose 
digestion (Lindsay, 1981), unlocking previously unavailable food energy for digestion 
further down the gastro-intestinal tract (Van Soest, 1994).  
However, ruminants are somewhat disadvantaged because the rumen microbes ferment 
all dietary carbohydrates like starch and soluble sugars (Van Soest, 1994). Starch and 
sugars can be absorbed as glucose, but around 80% of ingested starch is fermented in 
the rumen by microorganisms, leaving only a small proportion for absorbtion from the 
lower gastro-intestinal tract (Orskov and Ryle, 1990). Hence ruminants largely rely on 
gluconeogenesis to meet their glucose needs (Orskov and Ryle, 1990). However, 
ruminants on certain rations that contain maize or sorghum, might have a higher amount 
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of carbohydrate escape fermentation, increasing direct glucose absorption through the 
small intestine (Orskov and Ryle, 1990).  
2.3.1 Products of digestion 
The majority of carbohydrates are metabolised in the rumen to form volatile fatty acids 
(VFA), which are predominantly absorbed through the rumen wall (McDonald et al., 
1995). The three VFAs that are produced in high quantities in the rumen are acetate, 
butyrate and propionate. As butyrate passes through the rumen wall, it converts to D-3-
hydroxybutyrate, which means that ketone bodies are also produced in the rumen (Kay, 
1983; Clarenberg, 1992). By-products of fermentation produced in the rumen are 
methane, CO2 and H2O.  
In addition to carbohydrates, protein is a very important part of a ruminant animal‟s diet 
(Church, 1979). Food proteins that enter the rumen are hydrolysed to peptides and 
amino acids by rumen microorganisms, but some amino acids are further degraded to 
organic acids, ammonia and carbon dioxide (McDonald et al., 1995). A proportion of 
the ammonia is transported to the liver after absorption through the rumen wall, while 
the remainder and the organic acids are incorporated into microbial protein. Microbial 
protein is eventually digested in the small intestine (Church, 1979).  
Lipids usually constitute <5% of plant dry matter and have been found to severely 
impede the activity of rumen microbes if they reach a level of 10% (McDonald et al., 
1995). These lipids are, to a large extent, hydrolysed in the rumen by bacterial lipases to 
form long chain fatty acids, glycerol and some less significant moieties (Church, 1979), 
which are more readily absorbed in the small intestine (Annison, 1984).    
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2.3.2 Volatile fatty acid metabolism 
The anaerobic nature of the rumen causes the rumen microbes to convert most of the 
carbohydrate ingested into three VFAs; acetate, butyrate and propionate (Kay, 1983). 
Approximately 80% of the VFA formed in the rumen is absorbed through the rumen, 
reticulum and omasum (Orskov and Ryle, 1990; McDonald et al., 1995). This quantity 
of VFAs represents only 50% – 60% of the absorbed end products of digestion on an 
energetic basis (Orskov and Ryle, 1990). The VFAs are buffered upon entry into the 
blood stream via the HCO3 system, before being metabolised in the various tissues 
(Kay, 1983; Orskov and Ryle, 1990; Clarenberg, 1992).  
The relative proportion of acids produced varies greatly because it is diet dependent. 
Mature fibrous forages give rise to VFA mixtures containing a high proportion (around 
70%) of acetic acid. On the other hand, ruminants on a concentrate diet have an 
increased proportion of proprionic acid, at the expense of acetic acid (McDonald et al., 
1995) due to changes in the microbial population. Ruminal VFA production is closely 
linked with ruminal pH, which also regulates microbial yield and the absorption of 
amino acids (Pitt et al., 1996).   
2.3.1.1 Acetate 
Acetate constitutes between 40% and 75% of all VFA absorbed from the digestive tract 
(Orskov and Oltjen, 1967). The gut epithelium uses approximately 22% – 26% of the 
total energy available from acetate as a fuel. The remainder is used either as an energy 
source to produce ATP through the citric acid cycle, particularly in muscle, or as a 
substrate for fatty acid synthesis in adipose tissue (Bergman, 1990).  
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Acetate is the only VFA in the peripheral blood in significant amounts, allowing the 
body to readily use it as an energy source in order to spare glucose. Ruminant animals 
absorb very low levels of glucose from the gut, emphasising the need to spare glucose 
for the tissues that specifically require it like the brain. Acetate, therefore is a very 
important energy source for the body (McDonald et al., 1995).  
In order to utilise acetate as an energy source, it must be converted to Acetyl-coenzyme 
A (Acetyl-Co A), which is the intermediate fatty acid precursor (Annison, 1984). This 
reaction takes place in the cytoplasm of adipose cells and is catalysed by the enzyme 
Acetyl-Co A synthetase (McDonald et al., 1995). Acetyl-Co A can then enter either the 
citric acid cycle or the lipogenic pathway after carboxylation by acetyl-Co A 
carboxylase (Annison, 1984). Annison (1984) also states that acetate provides the 
majority of carbon required for fatty acid synthesis in subcutaneous adipocytes. In 
addition, through the action of NADP-isocitrate dehydrogenase, acetate provides up to 
50% of the nicotinamide adenine dinucleotide phosphate (NADPH) required for fatty 
acid synthesis (Annison, 1984). 
2.3.1.2 Butyrate 
When butyrate passes through the rumen epithelium, the majority (80% - 95%) of it is 
metabolised to ketone bodies and CO2 (Annison and Armstrong, 1970; Stangassinger 
and Geisecke, 1986). The majority of butyrate forms the ketone body D-3-
hydroxybutyrate while a small amount forms acetoacetate. The remaining butyrate 
absorbed from the rumen is metabolised by the liver (Weekes, 1979).  
D-3-hydroxybutyrate might be used as a source of energy by a number of tissues, 
namely skeletal and heart muscle after it has been converted to acetyl-CoA (McDonald 
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et al., 1995). The acetyl-Co A is metabolised via the citric acid cycle, providing up to 
15% of the ruminant animal‟s skeletal muscle energy. The ketone body, D-3-
hydroxybutyrate produces approximately 10% of the total CO2 produced by the body 
(Annison and Armstrong, 1970), demonstrating that there is energy released by butyrate 
through the synthetase pathways. 
2.3.1.3 Proprionate 
Depending on the diet consumed by the animal, propionic acid generally has the second 
highest concentration after acetic acid (Annison and Armstrong, 1970). Propionate is a 
very important precursor of gluconeogenesis within ruminant animals, on average 
forming around 50% of the gluconeogenic precursors (Weekes, 1979). Both acetate and 
butyrate are non-gluconeogenic as they form acetyl-Co A, which is not a precursor of 
gluconeogenesis (Clarenberg, 1992).  
As discussed previously, propionic acid formation is favoured by a rumen with a low 
pH, often associated with concentrate diets (Orskov and Ryle, 1990). Previous studies 
by Herbein et al. (1978) have shown that up to 59% of metabolised glucose from 
roughage diets originates from propionate. 
2.4 Intermediary Metabolism 
The unique digestive system of ruminant animals has generated distinctive shifts in 
intermediary metabolism, compared with other mammals. The limited glucose supply of 
ruminants increases the emphasis placed on sparing blood glucose. This is also coupled 
with their reliance on volatile fatty acids as the main energy substrate. 
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Different tissues throughout the body have different requirements for certain nutrients 
and substrates in order to function to their potential. An example is the central nervous 
system and the erythrocytes, which are limited to glucose for their energy requirements 
and are therefore dependent on a continual supply of glucose for survival (Stryer, 1988; 
Murray et al., 2000). Under all conditions (post prandial and fasting), there is a minimal 
and obligatory rate of glucose utilisation. Ruminants have slightly lower blood glucose 
concentrations (2.8 – 4mM) than other mammals because within the rumen, virtually all 
dietary carbohydrates are fermented to VFAs. Thus, VFAs largely replace glucose as 
the main metabolic fuel of the tissues in the fed state (Murray et al., 2000).  
Several hours post-prandial, the fasting state ensues as substrate supply from the gut is 
reduced. During this early fasting period, obligatory glucose demands are met by 
mobilising stored liver glycogen. The energy required by the other non-glucose 
dependant tissues of the body, especially muscle, is supplied through the release of non-
esterified fatty acids (NEFA‟s) from adipocytes. Non-esterified fatty acids are found 
circulating in the blood plasma, made soluble by binding non-covalently to serum 
albumin (Nelson and Cox, 2000). The uptake of NEFAs from the blood is extremely 
rapid. After uptake, the NEFAs are oxidised and supply about 25% to 50% of the 
energy requirements in fasting. The remainder of the NEFA‟s absorbed are esterified 
(Murray et al., 2000).  
Normal adaptation to the negative energy balance of starvation results in the 
mobilisation of NEFA‟s from stored triglyceride (Stryer, 1988). The influx of NEFA 
into the liver is mainly oxidised through the TCA cycle and some is diverted to ketone 
body production, or stored in the liver as triglyceride (Stryer, 1988). When there is an 
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oversupply of NEFA combined with an undersupply of glucose and its precursors, 
which occurs in prolonged starvation, the TCA cycle is unable to process the majority 
of NEFA‟s. The failure of the TCA cycle is mainly due to the lack of oxaloacetate for 
the formation of citrate. This results in excess liver storage of fat and a marked increase 
in ketone body production (Stryer, 1988). Therefore, to ensure that the NEFA 
concentration does not become neuro-toxic, the liver produces more ketone bodies, 
which can be metabolised by muscle tissue (Stryer, 1988). 
Initially in the fully fed condition, relatively low levels of NEFAs have been measured 
in plasma, but it has been found that this level rises in the post absorptive state (Vernon, 
1981). As fasting progresses and the glycogenolytic supply of glucose from the liver 
slows, gluconeogenesis continues to meet the obligatory demands of glucose utilising 
substrates such as glycerol, lactate, and gluconeogenic amino acids to provide glucose 
(Stryer, 1988). 
For this experiment it was necessary to understand how ruminants regulate the relative 
rates of oxidation, generation, and recycling of these intermediary metabolites. Hence in 
the following sections, the biochemical pathways through which these substrates are 
metabolised and stored will be examined. These include glycolysis, gluconeogenesis, 
glycogenolysis and glycogenesis, lipolysis and lipogenesis. 
2.4.1 Glucose metabolism 
Glucose, a six carbon sugar, is a key metabolite in mammals particularly because of its 
absolute requirement by the central nervous system and erythrocytes. Given this role, its 
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concentration in the blood stream is very tightly regulated, as are the pathways involved 
in its metabolism. These include glycolysis, the TCA cycle, and gluconeogenesis.  
The dependence on glucose for intermediary metabolism is reduced throughout the 
various stages of ruminant maturation. As the ruminant animal matures, there is a 
decrease in glycogen storage, hexose phosphorylation and glucose incorporation into 
lipids, along with increased gluconeogenesis, all leading to a decreased dependence on 
glucose (Stangassinger and Geisecke, 1986). However, adult ruminants still have an 
absolute requirement for glucose and this is for three essential purposes; a source of 
energy for selected tissues (brain, type IIX muscle fibres); a source of NADPH from the 
pentose phosphate pathway for biosynthetic pathways; and as a precursor for other 
synthetic pathways including carbohydrates, amino acids, glycosaminoglycans, and the 
glycerol backbone of lipids (Church, 1979). Only about 10% of an adult ruminant‟s 
glucose requirement is absorbed from an average maintenance level ration. Therefore 
approximately 90% of an adult ruminant‟s glucose requirement is synthesised 
endogenously via gluconeogenesis (Leng, 1970). 
2.4.1.1 Glycolysis 
The glycolysis pathway (Figure 2-1) is expressed in all mammalian cells, and can occur 
both in the presence of oxygen (aerobic) and its absence (anaerobic). Glycolysis 
metabolises hexose moieties, including glucose and converts them to pyruvate for a 
yield of 2 adenosine triphosphate (ATP) molecules, as summarised in Equation 2-1.  
Glucose + 2 ADP + 2 Pi + 2 NAD
+
  2 Pyruvate + 2 ATP + 2 NADH + 2 H
+
 + 2 H2O  
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Equation 2-1: The general equation for glycolysis (Mathews and van Holde, 1996) 
The breakdown of a six-carbon glucose molecule into two molecules of pyruvate occurs 
over two phases; an initial preparatory phase, followed by a pay-off phase. The initial 
phase has five reactions and a net consumption of two ATP. The pay-off phase involves 
the oxidative conversion of the two glyceraldehyde 3-phosphate molecules, produced by 
the initial phase, to two pyruvate molecules. This occurs through a series of five 
catalysed reactions. The pay-off phase has a net gain of four ATP (Stryer, 1988; 
Mathews and van Holde, 1996; Murray et al., 2000; Silverthorn, 2001). Therefore, 
overall the glycolysis pathway converts glucose to pyruvate with an overall yield of two 
ATP. 
When operating aerobically, tissue cells can catabolise pyruvate to Acetyl-CoA, via 
pyruvate dehydrogenase. Acetyl-Co A has the capacity to enter the citric acid (TCA) 
cycle and undergo complete oxidation to carbon dioxide (CO2) and water (H2O) with 
liberation of energy in the form of approximately 36 ATP (Murray et al., 2000), or be 
channelled towards the synthesis of triacylglycerol as discussed in section 2.4.3.2. The 
two glycolytically produced NADH molecules are shuttled into the mitochondrion to 
generate more ATP via the electron transport chain.   
Under anaerobic conditions, pyruvate is reduced, forming lactate via lactate 
dehydrogenase and regenerating NAD
+
 from NADH. NAD
+
 is essential for the 
glycolytic step catalysed by glyceraldehyde-3-phosphate dehydrogenase (Figure 2-1). 
Thus the conversion of pyruvate to lactate as a final electron acceptor is essential for 
glycolysis to proceed anaerobically (Murray et al., 2000).  
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The lactate formed in anaerobic cells is transported in the blood to the liver, where it is 
converted back to glucose by gluconeogenesis (Nelson and Cox, 2000). This reformed 
glucose again becomes available via the circulation for oxidation in the tissues, a 
process called the Cori cycle.  
The majority of glycolysis reactions are reversible or bidirectional. However, three 
reactions are markedly exergonic and are considered physiologically irreversible 
(Murray et al., 2000). The enzymes hexokinase, phosphofructokinase 1 (PFK-1) and 
pyruvate kinase catalyse reactions in one direction only, indicating that these three 
reactions are the major sites of regulation of glycolysis.     
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Figure 2-1: Glycolytic Pathway (adapted from Stryer, 1988) 
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2.4.1.2 Gluconeogenesis 
Due to the extensive fermentation of carbohydrates within the rumen, the gluconeogenic 
pathway is essential to meet ruminant animals obligatory glucose demands (Leng, 
1970). The gluconeogenic pathway is predominantly expressed in the liver, and to a 
lesser extent in the kidney (Stryer, 1988; Murray et al., 2000; Silverthorn, 2001). The 
major gluconeogenic substrates include propionate, glycerol, lactate and other 
gluconeogenic amino acids (Weekes, 1979; Lindsay, 1981; Murray et al., 2000). This 
pathway is summarised in Figure 2-2.  
The gluconeogenic reactions are generally the reverse of the glycolytic reactions, except 
for the three steps that are physiologically irreversible. These steps are those that are 
catalysed by hexokinase, phosphofructokinase- 1 (PFK-1) and pyruvate kinase (Murray 
et al., 2000). To bypass these steps, the enzymes glucose 6-phosphatase (opposing 
hexokinase), fructose-1,6-bisphosphatase (opposing PFK-1), and pyruvate carboxylase 
coupled with phosphoenolpyruvate carboxykinase (opposing pyruvate kinase) are 
utilised. For gluconeogenesis to proceed these enzymes are essential, and are 
appropriately termed the obligatory quartet. They also represent the key sites of 
regulation of gluconeogenesis (Murray et al., 2000). 
Given the opposing roles of the gluconeogenic and glycolytic pathways, it is essential 
that they are reciprocally regulated (Murray et al., 2000) . Both metabolic pathways are 
controlled by a combination of covalent and allosteric modulation, which will be 
discussed in detail in the following sections.  
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Figure 2-2: Gluconeogenic pathway 
2.4.2 Glycogen metabolism 
Glycogen is the major storage form of carbohydrate in animals, and accounts for up to 
6% of liver weight and rarely exceeds 1% of muscle weight (Murray et al., 2000). The 
concentration of glycogen in the liver is around 5-6g/100g, while only around 1g/100g 
in the muscle. However, due to the superior mass of muscle in an animal, it can store 
three to four times more glycogen than the liver (Murray et al., 2000). Liver and muscle 
glycogen play a key role in glucose homeostasis and are used to meet the body‟s ever 
changing energy requirements. Glycogenesis occurs in the liver and muscle following a 
meal in order to prevent hyperglycaemia. In humans, around 70 to 80 percent of post-
prandial glucose, plus some gluconeogenic glucose is stored as muscle glycogen (Price 
et al., 1999), signifying the importance of this pathway. Glycogenolysis occurs during 
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fasting and exercise to buffer the blood stream against hypoglycaemia, and provide an 
anaerobic fuel for working muscles (Mayes and Bender, 2003).  
2.4.2.1 Glycogen structure 
The structure of glycogen consists of long linear chains of glucose units joined by -
1,4-linkages. It is a highly branched structure with branch points occurring every 8 to 10 
glucose residues. The linkages found at the branch points are -1,6-linkages. This 
branched chain structure is extended producing β-particles, which can aggregate 
together in a rosette like formation termed an -particle (Figure 2-3). Each molecule of 
glycogen contains a self glucosylating protein backbone known as glycogenin 
(Rodriguez and Whelan, 1985), which is linked to carbohydrate via one of its tyrosine (-
194) residues (Smythe et al., 1988; Campbell and Cohen, 1989). Glycogenin is 
important structurally, but also catalyses the initiation of glycogen synthesis (Alonso et 
al., 1994). The structure of glycogen is highly branched in nature (Whelan, 1971), 
which increases the solubility of the molecule and increases the number of sites at 
which synthesis (glycogenesis) and degradation (glycogenolysis) can occur, thus 
speeding up these processes (Stryer, 1988).  
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Figure 2-3: The Whelan model of glycogen structure (Whelan, 1971). Each line represents an -
1,4-linked glucosyl chain, and arrows represent -1,6-linkages. Chains designated A carry no 
other chains; chains designated B do carry other chains; and the chain designated C is either 
attached to glycogenin or has a free reducing group (both termed Ø). 
2.4.2.2 Glycogenolysis 
During times of glucose demand, glycogen is broken down in the liver to form glucose 
1-phosphate and then glucose 6-phosphate. The initial step in glycogen degradation is 
catalysed by the enzyme glycogen phosphorylase (Figure 2-4), and is the rate-limiting 
step in glycogenolysis. As a result this is the key point of regulation of this pathway 
(Murray et al., 2000).  
The action of glycogen phosphorylase is changed depending on the state of 
phosphorylation. The inactive unphosphorylated form, predominant in the resting state, 
can be activated by AMP and IMP, and is strongly inhibited by ATP and glucose-6 
phosphate. Phosphorylation of glycogen phosphorylase occurs at serine-14 via the 
action of phosphorylase kinase. This phosphorylation, as well as the binding of AMP, 
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induces a conformational change allowing the active site of the enzyme to interact with 
substrate, glycogen (Sprang et al., 1988). The inhibitors of glycogen phosphorylase, 
glucose-6 phosphate and ADP, act by occupying the AMP binding site, preventing 
either AMP binding or phosphorylation at serine-14 (Johnson et al., 1993). Glucose is 
also known to inhibit glycogen phosphorylase, by binding to its active site and 
preventing its activation as well as promoting dephosphorylation (Stalmans et al., 1970; 
Sprang et al., 1982).  
Glycogenolysis within muscle occurs principally to supply glucose 1-phosphate for 
glycolytic energy production during exercise or when stressed, which is in contrast to 
the liver.  There is no expression of glucose 6-phosphatase in the muscle, thus the 
muscle glycogen depot cannot contribute to the maintenance of normo-glycaemia 
during starvation. Glycogenolysis in muscle can only be initiated by both the onset of 
muscle contraction and stress (adrenaline).  
Glycogen phosphorylase catalyses the sequential removal of glucosyl residues from the 
glycogen chain, releasing glucose 1-phosphate (Murray et al., 2000). However, given 
the highly branched nature of the glycogen molecule, this degradation only occurs to 
within four glucose residues of an -1,6-linkage. At this point, a second “de-branching 
enzyme”, with both oligo-1,4,1,4-glucan transferase and amylo- -1,6-glucosidase 
activities, catalyses the transfer of three -1,4-linked glucose residues from the end of 
the chain to form an -1,4-linkage with another chain. The amylo- -1,6-glucosidase 
component of the enzyme then hydrolyses the remaining -1,6-linked glucose residue, 
after which glycogen phosphorylase continues its action (Taylor et al., 1975).  
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Figure 2-4: Glycogenolysis and glycogenesis pathways 
2.4.2.3 Glycogenesis 
Glycogenesis is the pathway that synthesises glycogen from glucose. It is in the interest 
of the body to store excess glucose as glycogen as it has a much lower osmotic pressure 
than separate glucose sugar molecules. Therefore in the polymeric form, glycogen can 
be stored compactly until needed (Zubay, 1983).   
Glucose enters muscle and liver cells via glucose transporters in the fed state. Glucose is 
then phosphorylated by hexokinase producing glucose 6-phosphate. As shown in Figure 
2-4, Glucose-6 phosphate is converted to glucose 1-phosphate in a reversible reaction 
catalysed by phosphoglucomutase. Glucose 1-phosphate is activated to form uridine 
diphosphate-glucose (UDP-glucose), and sequentially added by glycogen synthase to 
the elongating chain of glucosyl residues of the glycogen molecule. This reaction is the 
rate-limiting step in glycogenesis, and is therefore the key point of regulation of 
glycogenesis. The primary control of this process is exerted by the action of insulin, 
which stimulates glucose transport and glycogen synthase and will be discussed in more 
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detail in section 2.5.1.1. Additional control is exerted by product inhibition of 
hexokinase (Stryer, 1988). 
2.4.2.4 Glucose transport 
To lower blood glucose concentration and increase the rate of glycogenesis, glucose 
supply to muscle and liver cells must be up-regulated. Specific proteins (GLUT) utilise 
facilitated passive diffusion to transport glucose across the plasma membrane as it is a 
hydrophilic molecule. There are 13 glucose transporter isoforms discovered to date 
(GLUT1 to GLUT13) (Joost and Thorens, 2001) and each has a specific role in glucose 
metabolism determined by its pattern of tissue expression, substrate specificity, 
transport kinetics and regulated expression in different physiological conditions 
(Thorens, 1996). 
GLUT1 is the glucose transporter most heavily researched to describe a model for the 
structure and function of glucose transporters. The proposed structure of a glucose 
transporter contains 12 trans-membrane segments connected by intra-cytoplasmic and 
external surface loops, the NH2 and COOH termini located intra-cellularly (Mueckler et 
al., 1985). The transporter binds glucose at the extracellular side of a pore transversing 
the plasma membrane. The resulting conformational change closes the extracellular 
component of the pore, and opens the intracellular side, simultaneously translocating 
glucose through the pore and releasing it into the cytoplasm. Having released the 
glucose molecule, the pore reverts back to its “unbound” state with the extracellular side 
of the pore opened and the intracellular side closed (Lienhard et al., 1992). 
GLUT4 is the major GLUT isoform, which is responsible for maintaining normo-
glycaemia in the post prandial period, as they are stimulated and regulated by the 
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hormone insulin (James et al., 1988). GLUT4 transporters are primarily located 
intracellularly in the unstimulated state in the adipose tissue and muscle, but following 
stimulation by insulin, they translocate from the intracellular vesicles to the cell 
membrane (Douen et al., 1990; Marette et al., 1992). GLUT1 and GLUT5 are also 
expressed in the muscle, but at very low levels of expression and are non-responsive to 
insulin. 
GLUT2 is found in the hepatocytes of the liver and on the basolateral membrane of the 
transporting epithelial cells in the kidney and intestine (Silverthorn, 2001). GLUT7 is an 
intracellular transporter found on the endoplasmic reticulum membrane, making it 
important for microsomal glucose transport in the liver (Silverthorn, 2001). 
2.4.3 Fatty Acid Metabolism 
Fatty acids play an extremely important role in intermediary metabolism because of 
their importance as one of the key products of digestion, and as an energy substrate for 
sparing glucose in the carbohydrate deprived ruminant animal. During times of positive 
energy balance, they are stored as triacylglycerol in adipocytes through the process of 
lipogenesis. Furthermore, late in the post-prandially, as fasting and starvation ensue, 
they are mobilised as an energy reserve via lipolysis and catabolised aerobically via β-
oxidation in body tissues (Vernon, 1981).  
2.4.3.1 Lipolysis 
The lipolysis pathway is a very complex process that involves the de-esterification of 
triacylglycerol, after which NEFA‟s arise in blood plasma (Murray et al., 2000). 
Lipolysis occurs both in the fasting state and is also stimulated by the catecholamines; 
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adrenaline and noradrenaline. In the advent of catecholamines, lipolysis is initiated by 
the action of hormone sensitive lipase (HSL), which begins to hydrolyse the stored 
triacylglycerol (Murray et al., 2000). Until recently, the regulation of HSL was also 
thought to control the release of NEFA from adipose tissue in the fasting state. 
However, this has been challenged by data from HSL knock-out mice (Haemmerle et 
al., 2002b; Harada et al., 2003; Mulder et al., 2003). A novel lipase termed adipose 
triglyceride lipase (ATGL) has been identified (Zimmermann et al., 2004) and is 
believed to be responsible for up to 75% of the cytosolic acylhydrolase activity in 
adipose tissue of HSL deficient mice (Zimmermann et al., 2004). ATGL could therefore 
participate together with HSL in adipose tissue lipolysis (Langin, 2006). 
The modes of action of lipases in lipolysis are quite complex with the following model 
for lipase activation proposed for human adipose cells. ATGL and HSL both possess the 
capacity to hydrolyse triglycerides in vitro (Zimmermann et al., 2004), however only 
HSL expresses significant diglyceride lipase activity (Haemmerle et al., 2002a). HSL 
has also been shown to have the capacity of hydrolysing monoglycerides in vitro, but 
monoglyceride lipase, which is not under hormonal control, is required for complete 
hydrolysis of monoglycerides in vivo (Fredrickson et al., 1986). Triglycerides are 
hydrolysed at a lower rate than diglycerides, indicating that the first step of lipolysis is 
rate limiting (Belfrage et al., 1984). With this said, ATGL is not phosphorylated by 
protein kinase A and does not appear to be acutely regulated by stimulation of β-
adrenergic receptors (Zimmermann et al., 2004) by catecholamines. However, ATGL 
contributes to the hydrolysis of triglycerides into diglycerides under basal conditions. 
Thus HSL is still thought to be the rate limiting enzyme of lipolysis, as it is converged 
40 
 
upon by the major activation pathways. The final products of lipolysis are the glycerol 
base, three NEFA chains and hydrogen ions (Stryer, 1988).  
Non-esterified fatty acids are degraded within body tissues by a series of four recurring 
reactions known as β-oxidation (Figure 2-5). β-oxidation occurs in the mitochondria 
where the NEFA is activated to form acyl-Co A on the outer mitochondrial membrane 
before being oxidised. The activated acyl-Co A is shortened by two carbons in each 
round of reactions and yields acetyl-CoA, FADH2 and NADH as shown in Figure 2-5. 
Acetyl-Co A is then readily available to enter the citric acid cycle as an aerobic energy 
substrate (Stryer, 1988).  
Figure 2-5: β-oxidation and Fatty acid synthesis 
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The glycerol formed from lipolysis is phosphorylated and oxidised to dihydroxyacetone 
phosphate, which is isomerised to form glyceraldehyde 3-phosphate (Stryer, 1988). 
Hence glycerol can be converted to either pyruvate or glucose because glyceraldehyde 
3-phosphate is an intermediate of both the glycolytic and gluconeogenic pathways. 
During fasting and starvation this glycerol is generally channelled towards the hepatic 
production of glucose. 
2.4.3.2 Lipogenesis 
The pathway of fatty acid synthesis, lipogenesis occurs in the cytosol. Lipogenesis is a 
reaction cycle based on the formation and cleavage of citrate, which carries acetyl 
groups from the mitochondria to the cytosol. The pentose phosphate pathway generates 
the NADPH required for synthesis of fatty acids (Stryer, 1988). 
Synthesis starts with the carboxylation of acetyl-Co A to malonyl-Co A. This is an ATP 
driven reaction that is catalysed by acetyl-Co A carboxylase. Malonyl-Co A is then 
condensed with acetyl-Co A by fatty acid synthase in the first round of fatty acid 
synthesis. Later malonyl-Co A is condensed with the growing chain of fatty acids, 
resulting in the sequential addition of two carbon units to a gradually elongating fatty 
acid chain (Stryer, 1988). In ruminants, lipogenesis predominates in the adipose tissue 
itself, while the liver is a trivial source of fatty acid synthesis (Vernon, 1981). The 
carboxylation of acetyl-Co A to malonyl-Co A, which is catalysed by acetyl-CoA 
carboxylase, is the committing step in the synthesis of fatty acids.  Hence, it is the 
regulatory site for fatty acid synthesis.  
Nutritional, metabolic and hormonal factors act upon lipolysis and lipogenesis, in effect 
determining the magnitude of lipid turnover and the net rate of adipose tissue 
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deposition. The rates of lipolysis and lipogenesis also determine the concentration of 
NEFA‟s circulating in the plasma (Murray et al., 2000).  
2.5 Hormonal Regulation of Intermediary Metabolism 
The mobilisation and storage of intermediary metabolites is under strong hormonal 
control, acting to maintain homeostatic concentrations within the blood and ensure 
adequate supply of intermediary metabolites during times of need. 
2.5.1 Insulin 
Insulin is a vital regulatory hormone that is secreted into the blood from the β cells of 
the pancreas in response to elevated levels of blood glucose generally associated with 
the immediate post-prandial state. Insulin secretion is directly proportional to the degree 
of hyperglycaemia (elevated plasma glucose) and induces the storage of blood-borne 
substrate in various tissues across the body.  
This proportional response is linked to the effect of blood glucose concentration on the 
flux through glycolysis, the citric acid cycle, and the resulting generation of ATP. An 
increase in ATP inhibits the K
+
 channels of the β cell membrane of the pancreas causing 
depolarization because these channels are ATP-sensitive. The depolarization of the β 
cells membrane increases the influx of Ca
2+
, stimulating exocytosis of insulin (Murray 
et al., 2000). Hence, the concentration of glucose in the blood parallels that of insulin 
due to the strong feedback relationship between the rate of insulin secretion and the 
blood glucose concentration. Under ideal circumstances, this relationship is capable of 
holding blood glucose concentration relatively constant despite large fluctuations in 
supply from the digestive tract. 
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Insulin plays a fundamental role in regulating blood glucose concentrations, helping to 
maintain it within physiological limits so that the glucose dependant tissues like the 
brain are met with a constant supply.  Insulin lowers the blood glucose concentration by 
converting excess blood glucose into glycogen in the muscle and liver, and reducing the 
rate of glycogenolysis and gluconeogenesis. Insulin also acts on adipose tissue, 
stimulating lipogenesis and inhibiting lipolysis. These modes of regulation will be 
addressed in the following sections. Insulin also causes  direct vasodilatation which 
increases limb blood flow (Dunshea et al., 1995), increasing the supply of nutrients to 
muscle, liver and adipose tissue. 
Glucose enters cells by carrier-mediated facilitated diffusion via glucose transporter 
proteins as discussed in section 2.4.2.4. GLUT 4 is one of the most important glucose 
transporters, located in skeletal muscle, adipose tissue and cardiac muscle, and is 
stimulated by insulin (Murray et al., 2000). Insulin causes a recruitment of GLUT 4 
transporters from an inactive intracellular pool and moving them to an active site in the 
plasma membrane. This increases the amount of transporters available, causing an 
increase in Vmax rather than affecting the Km. Hence, insulin has the ability to move high 
quantities of glucose into muscle and adipose cells, allowing for increased glycogenesis 
and lipogenesis.  
2.5.1.1 Effect on glycogenesis and glycogenolysis 
One of the most important actions of insulin is to stimulate glycogenesis through 
initiating the activation of glycogen synthase, initially demonstrated in rat 
hemidiaphrams (Villar-Palasi and Larner, 1960). Insulin stimulates the coversion of 
glucose to glucose 6-phosphate in the liver through the action of glucokinase and in the 
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muscle through the action of hexokinase. Glucose 6-phosphate then undergoes 
isomerisation to glucose 1-phosphate and is incorporated into glycogen by glycogen 
synthase, which has been stimulated by insulin (Murray et al., 2000). Insulin activates a 
phosphodiesterase which decreases intracellular 3‟,5‟ cyclic adenosine monophosphate 
(cAMP), thereby reducing the activity state of cAMP-dependent protein kinase. Low 
levels of cAMP cause low levels of phosphorylation of glycogen synthase. Hence the 
majority stays in the active dephosphorylated form, thus increasing the rate of 
glycogenesis (Parker et al., 1983). However the action of insulin is indirect and dual in 
nature as it also decreases the rates of glycogenolysis, resulting in a net anabolic effect 
on glycogen metabolism. Slowing the activity of cAMP dependent protein kinase, or 
decreasing its phosphorylating ability, removes the inhibition of protein phosphatase, 
which dephosphorylates and inactivates glycogen phosphorylase. This slows the rate 
limiting step of glycogenolysis. 
2.5.1.2 Effect on glycolysis and gluconeogenesis 
Insulin increases glucose utilisation via hepatic glycolysis which indirectly decreases 
glucose release into the plasma, while at the same time, decreases the rate of 
gluconeogenesis. An increase in glycolysis is achieved by insulin increasing the activity 
and quantity of the rate limiting enzymes glucokinase, phosphofructokinase and 
pyruvate kinase (Murray et al., 2000) through cAMP dependent protein kinase. The 
action of insulin and low levels of cAMP dependent protein kinase maintain the three 
rate limiting enzymes of gluconeogenesis in the dephosporylated form, deactivating 
them and decreasing the subsequent rate of gluconeogesis.   
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2.5.1.3 Effect on lipogenesis 
Insulin is also capable of increasing the uptake of glucose into adipose cells through 
activation of GLUT4, where it can be stored as triacylglycerol for utilisation, when 
energy is required. Insulin decreases the phosphorylating ability of protein kinase in 
adipose tissue, stimulating the action of acetyl CoA carboxyl and ATP citrate lyase. As 
mentioned previously ATP citrate lyase catalyses a vital reaction in the use of glucose in 
triacylglyceride synthesis, thus stimulation of the enzyme increases the ability of 
glucose to be used in lipogenesis (Murray et al., 2000). The concurrent stimulation of 
acetyl CoA carboxylase increases the rate of lipogenesis leading to increased 
lipogenesis utilising glucose precursors within the adipose tissue. 
In parallel to their control of glucose uptake by adipose tissue cells, insulin and insulin 
growth factor-1 also reduce the rate of lipolysis to limit plasma NEFA‟s and the supply 
of acetyl CoA to the TCA cycle (Langin, 2006). This mechanism will be discussed in 
section 2.5.5. 
2.5.2 Adrenaline 
Adrenaline is the most abundant catecholamine hormone that is released into the blood 
stream as a „fight or flight‟ response to stress. Secretion of adrenaline causes significant 
and rapid changes in energy metabolism including lipolysis, glycogenolysis and 
glycolysis (Kuchel, 1991). The general role of adrenaline is to cause the mobilisation of 
fuel from both muscle and liver glycogen, and NEFAs from adipose tissue, which can 
be metabolised to produce the required energy needed.  
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The inherent fear of animals and cattle causes variation in the activation and regulation 
of neuroendocrinal responses (Chrousos, 1998; Steckler, 2005). An autonomic response 
is mediated through the release of catecholamines (adrenaline and noradrenaline) and is 
typically initiated in reaction to acute stressors, like human contact that requires a rapid 
response. The quantity of adrenaline released pre-slaughter may vary between animals 
depending on the temperament of individual animals, though this has proven difficult to 
verify experimentally (Ferguson et al., 2008). Nevertheless, an increase in adrenaline 
release will increase the quantity of energy mobilisation.  
In times of stress, neuronal signals from the brain stimulate the splanchnic nerve, 
causing the release of adrenaline from the adrenal medulla, which is effectively an 
enlarged ganglion and therefore extremely quick to respond. Adrenaline attaches to β-
receptors on the cell surface (Langin, 2006) of the liver, muscle and adipose tissue, 
through which it can activate adenylate cyclase, an enzyme occurring on the inner 
surface of cell membranes (Silverthorn, 2001). The activation of adenylate cyclase 
causes the formation of the second messenger, cAMP from ATP, which effectively 
amplifies the signal from adrenaline or stress. cAMP stimulates the activity of the 
enzyme cAMP-dependent protein kinase, a central enzyme controlling the activity of a 
myriad of other enzymes which will be discussed in the following sections. 
2.5.2.1 Effect on glycogenolysis  
Due to the presence of β-receptors on muscle and liver cells, adrenaline has a profound 
influence on skeletal muscle and liver metabolism, namely stimulating the rate of 
glycogenolysis. Through the action of β-receptors, adrenaline increases the intracellular 
concentration of cAMP-dependent protein kinase, which catalyses the phosphorylation 
47 
 
of phosphorylase kinase, activating it. This in turn phosphorylates glycogen 
phosphorylase, the key rate limiting step of glycogenolysis, stimulating glycogenolysis. 
Additionally, cAMP-dependent protein kinase also phosphorylates glycogen synthase, 
the key rate limiting step of glycogen synthesis causing it to become inactive. This is a 
classic example of reciprocal regulation, which ensures that net glycogen breakdown 
ensues (Murray et al., 2000).  
Adrenaline also controls the breakdown of glycogen by inactivating protein 
phosphatase-1. This effect is also delivered through cAMP-dependent protein kinase, 
which phosphorylates a protein called inhibitor-1, which inhibits protein phosphatase-1 
(Murray et al., 2000). Protein phosphatase-1 has the ability to dephosphorylate 
phosphorylase kinase and glycogen phosphorylase, inactivating them, and also glycogen 
synthase, activating it. Hence, inhibiting its activity allows for the perpetuation of 
glycogenolysis and a reduced rate of glycogenesis (Murray et al., 2000).  
2.5.2.2 Effect on glycolysis in liver 
The glycogenolytic production of glucose-6 phosphate alone leads to an increased 
carbohydrate flux through glycolysis in the event of stress or adrenaline release. 
However, there is also an additional direct mechanism for adrenaline to stimulate 
glycolytic flux. cAMP-dependent protein kinase, activated by adrenaline, has recently 
been shown to directly phosphorylate and stimulate the activity of pyruvate kinase in 
muscle cells (Nelson and Cox, 2000). This is in contrast to the liver, whereby 
phosphorylation of pyruvate kinase depresses its activity as part of the general shift 
towards increasing gluconeogenic activity (Murray et al., 2000). Therefore stimulating 
pyruvate kinase and coupled with the greater substrate availability of glycogenolysis 
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increases the flux of glucose through glycolysis. This leads to a huge increase in 
pyruvate concentration, some of which is channelled into the TCA cycle via pyruvate 
dehydrogenase. However, unless energy demands within the muscle cell are high (for 
example due to exercise), the ATP/ADP and NADH/NAD ratios will quickly inhibit 
pyruvate dehydrogenase, in which case the excess pyruvate will be converted to lactate, 
and transported back to the liver for gluconeogenic re-conversion to glucose. Thus in 
animals at rest, adrenaline will lead to an elevation of plasma lactate concentration. 
2.5.2.4 Effect on lipolysis  
In order to increase energy supply when under stress, adrenaline causes the mobilisation 
of triacylglycerol stores from adipose tissue, leading to an elevation in plasma NEFA 
concentration. Adrenaline activates β-adrenoreceptors, which increases cAMP 
production by adenylylcyclase, which is followed by activation of cAMP-dependent 
protein kinase A. This phosphorylates HSL, stimulating its action on triacylglycerols 
(Langin, 2006). The activation of HSL markedly increases the rate of lipolysis as it is 
the key rate limiting enzyme (Murray et al., 2000). Lipolysis yields 3 NEFAs and a 
glycerol. NEFA undergoes β-oxidation in the mitochondria yielding acetyl-Co A. 
Acetyl-Co A is then readily available to enter the citric acid cycle as an aerobic energy 
substrate (Stryer, 1988), which will yield 36 ATP. 
Both β1 and β2 adrenergic receptors are known to stimulate cAMP production and 
lipolysis in vitro (Mauriege et al., 1988) and in vivo (Barbe et al., 1996) in human 
adipose tissue. The β3 receptor is highly expressed in rodent white adipose tissue and 
brown adipose tissue (Langin, 2006). However, the level of expression and the 
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contribution of the receptor to catecholamine-induced lipolysis in human adipose tissue 
seems limited (Tavernier et al., 1996).  
2.5.3 Glucagon 
Glucagon is the hormone produced by the α cells of the pancreas (Murray et al., 2000) 
and effectively opposes the actions of insulin, increasing blood glucose concentrations 
when they begin to fall, and mobilising triacylglycerol in an attempt to spare glucose. 
Thus, glucagon also plays a very important role in the regulation of an animal‟s blood 
glucose and NEFA concentration.  
The secretion of glucagon is stimulated by hypoglycaemia (low plasma glucose 
concentration). Within the liver, glucagon causes the mobilisation, production and 
release of glucose into the bloodstream through the net breakdown of liver glycogen 
through glycogenolysis, as well as the endogenous production of glucose through 
gluconeogenesis. Glucagon released from the pancreas binds to α-adrenergic receptors 
on the liver cell membranes, through which it activates adenylate cyclase causing the 
formation of the second messenger cAMP from ATP. cAMP effectively amplifies the 
signal from a relatively small number of glucagon molecules. The cascade of events 
following glucagon binding to the α-adrenergic receptors is the same as that which 
occurs in the liver when adrenaline binds to β-adrenergic receptors. It is important to 
note however, that glucagon does not have a direct effect on muscle glycogen 
metabolism due to a lack of α-receptors on muscle cells (Murray et al., 2000) through 
which the effect of glucagon is facilitated. Hence glucagon only impacts on glycogen 
metabolism in liver to produce glucose.  
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As part of its role in sparing glucose, glucagon also causes the mobilisation of 
triacylglycerol stores, leading to the elevation of plasma NEFA concentration. This is 
achieved through the stimulation of HSL, the key point of regulation of lipolysis 
(Murray et al., 2000) using the same cascade as adrenaline. The combination of 
glucagon with glucocoticoids and thyroid hormones has an optimal effect on increasing 
the lipolytic processes. According to Murray et al. (2000), without these hormones, the 
stimulation of HSL by glucagon acts in a facilitatory or permissive capacity and do not 
markedly increase lipolysis. 
2.5.3.1 Effect on gluconeogenesis in liver 
The other important role of glucagon within the liver is to increase the endogenous 
production of glucose through gluconeogenesis (Murray et al., 2000). This is done 
primarily by impacting on the enzymes of the rate limiting step between fructose 6-
phosphate and fructose 1,6-bisphosphate in glycolysis (Figure 2-2). The enzyme that 
catalyses the step between these two intermediates in glycolysis is phosphofructokinase-
1, while the enzyme for gluconeogenesis is fructose 1,6-bisphosphatase (Murray et al., 
2000). The allosteric regulatory molecule, fructose 2,6-bisphosphate, inhibits fructose 
1,6-bisphosphatase, but stimulates phosphofructokinase-1 (Murray et al., 2000), which 
reduces glucose synthesis and increases glucose breakdown. Thus, in order to increase 
the flux of metabolites through gluconeogenesis (glucose synthesis), the cell needs to 
minimise the quantity of fructose 2,6-bisphosphate. 
Glucagon leads to the stimulation of cAMP-dependent protein kinase, which in turn 
phosphorylates and regulates the activity of the enzyme complex responsible for the 
production of fructose 2,6-bisphosphate. This enzyme complex is bifunctional as it 
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contains both phosphofructokinase-2 and fructose 2,6-bisphosphatase (Murray et al., 
2000). Fructose 2,6-bisphosphate is formed by the phosphorylation of fructose 6-
phosphate by phosphofructokinase-2. Thus, inactivation of phosphofructokinase-2 by 
cAMP-dependent protein kinase will reduce the amount of fructose 6-phosphate being 
phosphorylated to fructose 2,6-bisphosphate. However, fructose 2,6-bisphosphate is 
broken down by the enzyme fructose 2,6-bisphosphatase (Murray et al., 2000), whose 
activity is stimulated by the phosphorylation caused by cAMP-dependent protein 
kinase. Thus, increased activity of cAMP-dependent protein kinase in liver cells 
increases the rate of gluconeogenesis and depresses glycolysis by reducing the quantity 
of fructose 2,6-bisphosphate produced. 
In summary, the role of glucagon is crucial to blood glucose concentration, always 
acting to prevent these levels from falling too low. 
2.5.4 Growth Hormone 
Growth hormone (also known as somatotropin) is a naturally occurring hormone that is 
secreted episodically from the anterior pituitary with a striking ultradian rhythm in all 
mammals investigated thus far (Van der Walt, 1994). Growth hormone is often 
administered to production animals to improve the productivity and efficiency of 
animals with a system. The most striking effect of growth hormones is its ability to limit 
lipogenesis and increase lipolysis (Bauman, 1992). Its actions may also vary between 
species, however in humans and production animal species, the physiological 
contribution of growth hormone to the control of lipolysis has remained elusive (Van 
der Walt, 1994; Langin, 2006). Small physiological growth hormone pulses increase 
interstitial glycerol concentration in both femeral and abdominal adipose tissue 
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(Gravholt et al., 1999) indicating increased lipolysis. Furthermore, research in humans 
has also shown that the natural nocturnal rise in growth hormone led to site specific 
regulation of lipolysis in adipose tissue (Samra et al., 1999). 
In dairy cattle administered growth hormone, there is only an increase in plasma 
NEFAs, when the animals are in negative energy balance, which suggests the main 
effect of growth hormone is on the rate of lipogenesis (McCutcheon and Bauman, 
1986). The exact mechanisms responsible for this effect on lipogenesis are not well 
defined in cattle, but Etherton and Louveau (1992) stated that the underlying 
mechanism involved a marked reduction in GLUT4 content in adipose tissue by growth 
hormone, which reduced glucose supply to adipose cells. An alternative theory is that 
growth hormone may reverse the effect of insulin on adipose tissue (Etherton et al., 
1987). Insulin is hydrolysed in adipose tissues via a non-lysosomal pathway (Olefsky et 
al., 1982) and growth hormone modulates the activity of the protease responsible for 
this hydrolysis (Marinchenko et al., 1992) therefore reducing the lipogenic capacity of 
insulin.  
2.5.5 Insulin-like Growth Factor 1 
Insulin and insulin-like growth factor-1 (IGF-1) decrease NEFA levels in plasma in the 
post-prandial period by reducing lipolysis to a greater extent than inducing lipogenesis 
(Langin, 2006). IGF-1 and insulin reduce lipolysis by activating tyrosine kinase 
receptors, which initiates a very complex cascade (Wijkander et al., 1998) associated 
with a decrease in cAMP, inactivation of protein kinase A and reduced phosphorylation 
of HSL. When insulin binds to its receptor, the receptor is activated by phosphorylation 
on tyrosine residues. This phosphorylation causes tyrosine phosphorylation on 
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intracellular insulin receptor substrates 1 and 2 plus binding of the p85 regulatory 
subunit of phosphatidyl inositol kinase-3. This binding stimulates the lipid-kinase 
activity of the enzyme, which results in phosphorylation of the phosphoinositol on the 
inositol ring. The serine kinase activity of the phosphatidyl inositol kinase-3 auto-
phosphorylates both the p85 regulatory subunit and the p110 catalytic subunit. 
Following this, protein kinase is phosphorylated and phosphodiesterase is activated and 
catalyses the degradation of cAMP into 5‟ AMP activation and cAMP breakdown 
(Harmancey et al., 2005).  
2.6 Muscle Fibre Type 
Skeletal muscle is the tissue of major economic importance for beef cattle. Myofibres 
represent 75 to 90% of skeletal muscle volume with connective tissue, intramuscular 
adipocytes, vascular and nervous tissues making up the remainder (Lefaucheur, 2010).   
There are several different myofibre types, which can be classified according to their 
contractile and metabolic properties. Three main fibre types were conventionally 
determined by histochemistry in adult skeletal muscle with those being types I, IIA and 
IIX (Brooke and Kaiser, 1970). However, the underlying molecular basis of typology is 
based on the polymorphism of myosin heavy chains, with each isoform being encoded 
by a single gene (Weiss et al., 1999). Four myosin heavy chains, I, IIA, IIX and IIb, 
were identified in a mouse, rat, guinea pig and rabbit skeletal muscles (Bär and Pette, 
1988; Schiaffino et al., 1989), which lead to the revision of the conventional 
classification. The speed of contraction increases in the rank order I<IIA<IIX<IIb 
(Schiaffino and Reggiani, 1996). Despite the presence of the gene for IIb myosin heavy 
chain isoform in all mammals, it was reported to be unexpressed in skeletal muscle of 
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large production animals like cattle and goats (Arguello et al., 2001; Maccatrozzo et al., 
2004). However in recent times, expression of the IIb isoform has been reported in the 
longissimus and semitendinosus muscles of a few Blonde d‟Aquitaine bulls (Picard and 
Cassar-Malek, 2009).  
Fibre types are also characterised depending on their metabolic type and it is the 
metabolic qualities of fibres that will be discussed in detail in this thesis. The 
regeneration of ATP in muscle uses two metabolic pathways. The first is the aerobic or 
oxidative pathway, which oxidises glycogen, glucose, lipids, ketone bodies and amino 
acids in the mitochondria with high oxygen requirement. The second is the anaerobic or 
glycolytic pathway through which glycogen is rapidly converted to lactate with no 
oxygen requirement (Lefaucheur, 2010). The relative importance of these two metabolic 
pathways has been used to type myofibres as oxidative (Type I, slow red), oxido-
glycolytic (Type IIA, fast red) and glycolytic (Type IIX and IIb, fast white) (Ashmore 
and Doerr, 1971; Peter et al., 1972). Thus the degree of oxidative activity of muscles in 
decreasing order is slow red, fast red and fast white in cattle (Talmant and Monin, 
1986).   
The classification of fibre types on metabolic properties is based upon the enzymatic 
profile of different myofibres, which influences the rate of the metabolic pathways 
discussed in section 2.4. The rate limiting enzymes of glycolysis, hexokinase, 
phosphofructokinase and lactate dehydrogenase plus glycogen synthase and glycogen 
phosphorylase are commonly used to qualitatively characterise the glycolytic activity of 
muscles (Hocquette et al., 1998). While different rate limiting mitochondrial enzymes 
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such as citrate synthase and iso-citrate dehydrogenase are often used to qualitatively 
characterise the oxidative capacity of muscles (Hocquette et al., 1998). 
2.6.1 Oxidative Fibres 
Type I fibres are red slow-twitch oxidative fibres. They demand high levels of oxygen 
to support their oxidative nature, and therefore express large amounts of myoglobin for 
oxygen storage (Lefaucheur, 2010). Myoglobin enables these fibres to utilize a greater 
amount of oxygen and because of high myoglobin content, they appear redder in colour. 
These fibres have low myofibrillar and sarcoplasmic reticulum ATPase activities, 
allowing for sustained prolonged low power work (Lefaucheur, 2010). Their ability to 
sustain low energy work is associated with well developed oxidative metabolism, 
efficient vascularisation and small diameter (Lefaucheur, 2010). Oxidative Type I fibres 
have high Ca
2+
 sensitivity causing excitation and recruitment to sustain low intensity 
contractions for basic movements (Lefaucheur, 2010).  
2.6.2 Glycolytic Fibres  
Glycolytic fibres have low vascularisation and a larger cross sectional area, which is 
associated with low levels of myoglobin and triglycerides. White fast glycolytic type 
IIX fibres have high myofibrillar and sarcoplasmic reticulum ATPase activities and are 
utilised for brief and intense contractions fuelled by immediately available 
phosphocreatine and degradation of glycogen through glycolysis (Lefaucheur, 2010). 
These fibres are only recruited occasionally to aid sudden movements or react in times 
of stress. Thus, glycolytic fibres utilise glycogen infrequently, but when the Ca
2+
 
excitation threshold is reached in times of stress, type IIX fibres have the capacity for 
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rapid glycogenolysis and energy production through glycolysis anaerobically. This 
ability stems from the very high glycogen phosphorylase activity of glycolytic fibres as 
seen in Table 2-2. The combination of this with low activities of glycogen synthase and 
hexokinase means that these fibres will rapidly deplete and slowly replete glycogen 
following stress (Pethick et al., 1995).  
Table 2-2: Enzyme activities for carbohydrate metabolism in rat skeletal muscle Adapted from 
(Saltin and Gollnick, 1983) 
Enzyme 
 
Enzyme Activity (μmol/min/muscle) 
Type I Type IIA Type IIX 
Glycogen Phosphorylase 14 115 171 
Glycogen Synthase 6 10 5 
Hexokinase 2 2 0.8 
2.6.3 Effect of muscle hypertrophy and age on fibre type 
Comparisons between wild-type and domesticated pigs have shown that the animals 
selected for increased lean and growth have increased myofibre cross-sectional area, 
increasing muscle hypertrophy, and shifted muscle metabolism away from red oxidative 
type towards more white fast glycolytic type (Rahelic and Puac, 1981; Weiler et al., 
1995; Ruusunen and Puolanne, 2004). Domesticated pigs selected over four generations 
for greater lean tissue deposition on a high protein diet also have higher glycolytic and 
lower oxidative muscle metabolism, leading to a higher glycolytic capacity (Karlsson et 
al., 1993). A similar trend was shown in sheep, where selection for low backfat in 
Southdown rams reduced the percentage of oxidative fibres (Kadim et al., 1993). 
Selection for muscling in beef cattle has also shown to cause a shift in fibre type away 
from red oxidative fibres and towards a higher proportion of white fast glycolytic type 
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IIX fibres (Wegner et al., 2000; Greenwood et al., 2006b). These studies have utilised 
animals with a mutated myostatin gene allowing for unchecked muscle deposition and 
increased muscle hypertrophy. 
Muscle fibre type proportion can be influenced by numerous intrinsic and extrinsic 
factors such as muscle location, species, breed, gender, exercise, ambient temperature 
and growth promoting agents (Swynghedauw, 1986; Pette and Staron, 2001; 
Greenwood et al., 2006a). However, age is of particular interest for beef cattle as there 
is considerable variance in age between lots of cattle. Brandstetter et al. (1998) showed 
that fibre type shifted from being glycolytic to more oxidative as the young bulls 
matured.  
2.6.3.1 Impact on insulin sensitivity and glycogenesis 
Animals selected for greater muscle hypertrophy have a higher proportion of muscle 
compared to low muscled counterparts. Skeletal muscle in humans and sheep is the 
major consumer of glucose in the body. Pethick and Vernau (1984) and Kraegen et al. 
(1985) stated that muscle accounts for over 80% of the insulin-dependent uptake of 
glucose. However, the key rate limiting step of glucose utilisation is glucose uptake by 
cells (Ziel et al., 1988; Hocquette et al., 1995; Zierler, 1999), which in muscle and 
adipose tissue is conducted by GLUT4 receptors. Hocquette et al. (1995) showed that 
glycolytic and oxido-glycolytic muscles in beef calves had higher expression of GLUT4 
than in oxidative muscles, which is in contrast to research in rats, humans and pigs 
(Lillioja et al., 1987; James et al., 1989; Henriksen et al., 1990; Kern et al., 1990; 
Goodyear et al., 1991; Marette et al., 1992). However, in contrast to the finding of 
Hocquette et al. (1995), it has recently been stated that oxidative muscle have higher 
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GLUT4 concentrations in cattle (Duehlmeier et al., 2007). Glycogen synthase, the rate 
limiting enzyme of glycogenesis also has a higher concentration in oxidative muscle, 
allowing for greater glycogen synthesis. Thus the effect that selection for muscling and 
a reduction in oxidative muscle fibres has on insulin sensitivity and glycogen synthesis 
is largely unknown in beef cattle and will form a major component of this thesis.  
2.6.4 Possible impacts on meat quality 
Genetic selection in production animals over recent decades has been targeted at 
increasing muscling and retail beef yield in Australia. This generally increases the usage 
of glucose by muscle as it enhances sensitivity to insulin and/or increases glycolytic 
muscle energy metabolism (Hocquette et al., 1998) as discussed previously. However, 
what is relatively unclear is how selection for muscling and muscle fibre type 
composition impact on pre and post mortem biochemical processes and ultimately meat 
quality, some of which will be investigated in this thesis. 
Of greatest concern is that selection for muscling, which increases the glycolytic 
potential of muscle will increase the incidence of dark cutting which is caused by low 
muscle glycogen at slaughter. Double muscled cattle have been shown to be more 
sensitive to stress or adrenaline during the pre-slaughter period resulting in reduced 
glycogen storage at slaughter (Holmes et al., 1973; Monin, 1981b). Mustering, transport 
and time in lairage prior to slaughter are unavoidable events, which induce a stress 
response in cattle. The concern is that more muscular cattle with a higher proportion of 
glycolytic fibre types will be more adrenaline sensitive, further increasing the rate of 
glycogenolysis and inducing dark cutting, which has detrimental effects on meat quality 
as previously discussed.   
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An increase in glycolytic fibres due to selection for muscling may also induce an 
accelerated rate of pH decline post-mortem. Selection for increased lean in pigs leads to 
a massive increase in rate of pH decline, which results in high incidence of pale-soft-
exudative pork (Essen-Gustavsson et al., 1994). Similarly, double muscled cattle also 
have an accelerated rate of post mortem glycolysis and a rapid increase in lactic acid 
(Fiems et al., 1995), which may allow these animals to reach rigor mortis at a high 
temperature, inducing heat toughening (Locker and Hagyard, 1963) through increasing 
myofibrillar shortening. This would also affect the water holding capacity of beef, the 
aging ability and tenderness (Thompson, 2002). 
Genetic selection for increased muscle and against subcutaneous fat in European pigs, 
has resulted in a sharp decrease in carcass adiposity as also seen in double muscled 
cattle (O'Rourke et al., 2009). However, a decrease in adiposity in pigs and hypertrophic 
cattle results in decreased intramuscular fat, to the detriment of organoleptic meat 
qualities such as juiciness, flavour (Wood and Warris, 1992), and tenderness, where 
intramuscular fat accounts for between 10 – 15% of variation in tenderness (Dikeman, 
1987). Thus, this thesis will also determine if selection for muscling and muscle 
hypertrophy alters the hormonal regulation of lipid metabolism, as this relationship is 
poorly understood at present.   
A shift in fibre type away from redder more oxidative fibres and towards whiter more 
glycolytic fibres may also impact in a negative way on meat colour and mineral 
concentrations, but in a positive fashion on colour stability. These impacts are not well 
defined, but selection for muscling may reduce the myoglobin concentration, making 
meat from these animals lighter in colour (Bailey et al., 1982; Clinquart et al., 1994). 
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The reduced myoglobin will mean that the concentration of iron is also proportionally 
decreased. Nevertheless, the reduced quantity of mitochondria in glycolytic fibres 
(Swatland, 1984) will reduce the oxygen sequestering away from oxymyoglobin, thus 
increasing colour stability of beef from more muscular cattle. These attributes of meat 
quality and the effect of selection for muscling require further investigating in this 
thesis. 
2.7 Hypotheses 
This thesis explores the effect of selection for greater muscling in beef cattle on 
carbohydrate and lipid metabolism with a particular focus on muscle glycogen 
metabolism. The impacts of greater muscling on meat quality attributes are also 
investigated. These aspects are covered in the following chapters; the hypotheses of 
which are outlined below: 
Chapter 3: Computed Tomography (CT) scanning can accurately predict retail yield of 
a beef carcass and intramuscular fat in the longissimus thoracis et lumborum  
The aim of this chapter is to determine if animals selected for increased muscling 
expressed a difference in live phenotype measurements combined with greater retail 
beef yields and less trimmed fat at slaughter compared to low muscled counterparts. 
Secondly, the aim is to determine if CT scans could be used to evaluate retail beef yield 
of a carcass and intramuscular fat in the longissimus thoracis et lumborum. The specific 
hypotheses tested were:    
 Cattle selected for increased muscle mass will have higher carcass retail beef yields 
and less fat trim 
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 CT scan images of a hindlimb could predict retail beef yield of a carcass, and as 
proof of concept can determine differences in yield between high and low muscled 
steers 
 CT scans can accurately estimate the amount of intramuscular fat in the longissimus 
thoracis et lumborum (LTL) 
Chapter 4: Using an exponential function to model plasma substrate responses to 
exogenous challenges improves accuracy of response outputs 
The aim of this chapter was to derive an exponential function which can accurately 
depict an individual animal‟s response to varying levels and intensities of exogenous 
adrenaline, insulin and glucose challenges. Furthermore, the aim of the exponential 
function was to deliver a better interpolation and hence estimation of parameters such as 
maximum/minimum concentration, time to maximum/minimum concentration and area 
under curve. More specifically we hypothesise that an exponential function will model 
changes in plasma metabolite concentration over time in response to exogenous doses of 
insulin, adrenaline or glucose with normally distributed, homoskedatic residuals.   
Chapter 5: Whole body insulin responsiveness is higher in beef steers selected for 
increased muscling 
The aim of this chapter is to evaluate the impact of selection for greater muscling on 
whole body insulin responsiveness in cattle, as reflected by greater uptake of glucose in 
response to constant insulin infusion and greater glucose clearance following an 
intravenous glucose-tolerance test. The specific hypotheses tested are: 
 High muscled cattle will exhibit greater whole-body glucose uptake in response to 
insulin, indicating increased responsiveness to insulin  
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 High muscled cattle will have more rapid glucose clearance following an 
intravenous glucose-tolerance test 
Chapter 6: Beef cattle selected for increased muscularity have a reduced muscle 
response and increased adipose tissue response to adrenaline  
The aim of this chapter is to evaluate the impact of selection for greater muscling on the 
adrenaline responsiveness of muscle, adipose and liver tissue, as reflected by changes in 
plasma levels of the intermediary metabolites lactate, non-esterified fatty acids (NEFA) 
and glucose. The specific hypotheses tested are: 
 Selection for muscling will increase the response of muscle and adipose tissue to 
adrenaline 
 High muscled cattle will have lower muscle glycogen storage  
 High muscled cattle will have lower adiposity  
 Selection for muscling will not alter the response of the liver to adrenaline 
Chapter 7: Selection for increased muscling in cattle with no myostatin mutation does 
not increase glycolytic myofibres or glycolytic enzymes 
The aim of this chapter was to determine if selection for muscling in Angus cattle would 
affect the proportions of oxidative and glycolytic myofibres and change the 
concentration of key rate limiting oxidative and glycolytic enzymes. A further aim of 
this chapter was to determine the impact of selection for muscling and shift in myofibre 
proportions on pH decline post-mortem, mineral content of muscle and retail colour 
stability. The specific hypotheses tested were:  
 High muscled steers would have a greater proportion of glycolytic and a lower 
proportion of oxidative myofibres  
 High muscled steers would have a higher activity of the glycolytic enzymes PFK 
and LDH, which would decline with age 
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 High muscled steers would have lower activities of ICDH and CS which would 
increase with age 
 High muscled steers would have a greater rate of pH decline post-mortem 
 High muscled steers would have „paler‟ meat with less myoglobin and iron  
 High muscled steers would have higher colour stability    
Chapter 8: Variation in ultimate pH compliance can be explained by carcass phenotype 
measurements recorded by Meat Standards Australia 
 The aim of this experiment is to determine if phenotypic measurements taken at the 
time of grading for Meat Standards Australia could explain variance in ultimate pH 
(pHu) compliance and indicate an animal‟s physiology, which may affect muscle 
glycogen concentration. The specific hypotheses tested are: 
 More muscular animals with a larger eye muscle area will have higher pHu 
compliance and a reduced incidence of dark cutting  
 Younger animals with a low ossification score will have higher pHu compliance and 
a reduced incidence of dark cutting  
 There will be no effect of MSA marbling score or rib fat depth on pHu compliance 
Chapter 9: The effect of animal temperament and muscling genotype on muscle 
glycogen concentration in growing Angus steers  
The aims of this experiment are to evaluate the effects of differing levels of muscling, 
differences in animal temperament, and changes in pasture quality on muscle glycogen 
concentration and on glycogen depletion pre-slaughter in a commercial Angus herd. The 
specific hypotheses tested are: 
 Selection for muscling will increase resting muscle glycogen storage  
 Cattle with more excitable, reactive temperaments have lower resting muscle 
glycogen 
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 Cattle with more excitable, reactive temperaments will mobilise more metabolites 
for energy production during handling 
 Cattle with more excitable, reactive temperaments have an increased rate of 
glycogenolysis pre-slaughter 
 Improved pasture quality will increase resting muscle glycogen storage 
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Chapter 3. Computed Tomography (CT) scanning 
can accurately predict retail yield of a beef carcass and 
intramuscular fat in the longissimus thoracis et 
lumborum 
3.1 Introduction 
Retail beef yield is a key profit driver for the beef industry as it increases efficiency and 
productivity of production systems. Selection for greater muscle mass leads to 
improvements in retail beef yield (Cafe et al., 2006; O'Rourke et al., 2009) and 
selection of animals homozygous for a disruptive myostatin mutation will deliver 
further improvements in retail beef yield of up to 20% (Grobet et al., 1997). However at 
present in Australia, producers supplying high yielding animals are not being 
recognised. This is because the majority of carcasses are sold using a grid system, which 
utilises hot standard carcass weight and subcutaneous fat cover to predict retail beef 
yield from a carcass (Perry et al., 1993a). Thus a more precise method to assess 
individual carcass composition is becoming increasingly important so it can be 
combined with Meat Standards Australia quality grades to form a functional value-
based marketing system (Polkinghorne, 2006) to ensure accurate feedback to producers 
on carcass yield and quality. A precise measurement of yield would also be very useful 
for progeny testing and in research programs (Crouse and Dikeman, 1976; Bennett and 
Williams, 1998). 
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The physical dissection of muscle, fat and bone from a carcass is the current reference 
method in research programs for assessing yield and composition (Navajas et al., 2010). 
The advantage of this method is that it can be adapted to individual cut and trim 
specifications for collaborating abattoirs. However from a research perspective it has 
limitations given that it is a destructive, time consuming and costly procedure, and is 
prone to operator error introduced when different people are used for carrying out the 
dissection. Due to these limitations its use may be flawed in research or breeding 
programs involving animals, and is logistically impractical to apply in commercial 
operations (Kempster et al., 1982). Therefore a range of alternative methods are used 
for predicting yield, including the measurement of carcass traits (Epley et al., 1970; 
Crouse and Dikeman, 1976; Abraham et al., 1980; Hopkins and Roberts, 1995), live 
animal ultrasound measurements of well established and novel sites for fat and muscling 
(Williams et al., 1997; Realini et al., 2001; Greiner et al., 2003) and the combination of 
ultrasound and carcass data of four primal cuts (Tait et al., 2005). Video image analysis 
or VIA-scan has proven to be an accurate predictor of retail beef yield (Cannell et al., 
1999), however the uptake and availability of this technology is limited internationally. 
Magnetic resonance imaging (MRI) and dual energy x-ray absorptiometry (DEXA) are 
two other tools available for determining yield of smaller carcasses such as sheep, but 
are not utilized in the beef industry due to size restrictions and expense. 
Researchers have been utilizing computed tomography (CT) scans to predict total body 
tissue weights in longitudinal studies of live sheep, pigs and deer (Jopson et al., 1997; 
Ball et al., 1998; Jones et al., 2002) for over a decade to provide non-invasive, accurate 
data. The principle of CT is based on the attenuation of x-rays through the subject 
depending on their tissue density. The x-ray attenuation is measured in Hounsfield units 
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(Hu), with density variation depicted through grey scale shading, with air appearing 
black, fat as dark grey, muscle as light grey and bone as white due to its high density 
(Wegner, 1993). Once Hu density ranges of each tissue are specified, specialised 
software can „virtually dissect‟ the image into tissue types, allowing for measurement of 
area, weight and proportions of muscle, fat and bone (Glasbey and Robinson, 2002). 
This is known as a moment-based estimation (Glasbey and Robinson, 2002). 
Proportions of muscle, bone and fat in a carcass have been accurately predicted in 
Suffolk lamb carcasses (Young et al., 1999), and Greenwood et al.  (2003) was able to 
predict composition in beef cattle by CT scanning all major beef primals. Greenwood et 
al.  (2003) found that CT scans of the entire hind limb explained 93% of variance in 
whole carcass fat. More recently, Navajas et al. (2010) accurately predicted weight of 
fat (R
2
 = 0.89-0.92)
 
, muscle (R
2
 = 0.99)
 
and bone (R
2
 = 0.95-0.97) from an entire beef 
carcass using CT scans of beef primal cuts. Some of the error in the measurement of 
carcass fat by CT scans in the studies by Greenwood et al. (2003) and Navajas et al. 
(2010) may be attributed to intramuscular fat or marbling which cannot be anatomically 
dissected and is weighed as muscle but is identified as fat using CT scans. Thus it may 
also be possible to utilise CT scans to measure the quantity of intramuscular fat.
 
CT scans are capable of accurately determining beef carcass composition, however 
retail beef yield is the important parameter for industry, not composition. It is unknown 
if CT scans of a beef hindlimb can accurately predict the retail beef yield of an entire 
carcass. Therefore we hypothesis that CT scans can be used to predict retail beef yield and 
have the ability to show that cattle selected for increased muscle mass will have higher 
carcass retail beef yields. And lastly we hypothesise that CT scans can precisely estimate 
the amount of intramuscular fat in the longissimus thoracis et lumborum  (LTL).  
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3.2 Materials and Methods 
Data was collected on 24 Angus steers which were selected from the Industry and 
Investment New South Wales herd of Angus cattle which had been divergently selected 
for high (High)  and low (Low) muscling since 1990 (McKiernan et al., 2002). They 
were selected for breeding using a subjective live animal muscle score based on the 
thickness and convexity of the body relative to the skeletal size of the animal, adjusted 
for subcutaneous fatness (Elliot et al., 1987; McKiernan, 1990 and 2007). A 15 point 
scale ranging from A+ to E- was used, where score A animals are heavily muscled 
European type breeds and E score cattle are poorly muscled or dairy type. For ease of 
statistical analysis these scores equate to values ranging from 15 (A+) to 1 (E-). From 
this herd, 10 low muscled (Low), 11 high muscled (High) and 3 high muscled steers 
which were heterozygous for a myostatin polymorphism (High
Het
) were selected. These 
steers were lot fed in a commercial feedlot to meet export market specifications (280-
380 kg dressed carcass weight and 7-22 mm of fat at the rump site) and slaughtered at 
~24 months of age in a commercial abattoir. Carcasses were dressed according to AUS-
MEAT standard specifications (AUS-MEAT, 2005) with the exception that any 
subcutaneous fat over the topside or brisket was not trimmed. The removal of 
contaminated tissue was noted and weighed for 1 animal in this study. 
3.2.1 Live animal and slaughter measurements    
The cattle were assessed for visual muscle score by the same assessor at weaning (~8 
months of age), ~18 months of age, and prior to slaughter at ~2 years of age. In this 
regard, the correlation between assessors and linear muscle measurements of the same 
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animal over time has been shown to range from 0.90 to 0.92 (Perry et al., 1993a). At 
slaughter, the abattoir recorded hot standard carcass weight (HSCW) and rump fat depth 
measurements. Carcasses were then chilled for 20 hours, at which time they were 
quartered at the 12
th
/13
th
 rib, and chiller measurements made as detailed by Perry et al. 
(2001).  
3.2.2 Yield Measurement 
Over a period of 2 days post slaughter, the left side of each carcass was boned-out, with 
carcasses from each treatment group evenly represented between days.  The left side of 
each carcass was weighed prior to bone-out to measure left side cold carcass weight 
(CCW). Then the major beef primal cuts (AUS-MEAT product identification number) 
comprising striploin (2143), tenderloin (2150), topside (2000), rump (2090), outside 
(2030), knuckle (2070), flank steak (2210), hind and fore shin-shank (2360), internal 
flank plate (2203), external flank plate (2204), intercostals (2340), cube roll (2243), 
chuck roll (2276), chuck tender (2310), blade (2300), point end brisket (2232) and the 
naval end brisket (2340) were prepared and where necessary trimmed to commercial 
specification of 10 mm fat cover prior to weighing. The trimmings were separated into 
fat and manufacturing meat trim within the forequarter and hindquarter sections, as well 
as surplus fat from the striploin. All other lean tissue was classified as manufacturing 
trim and was trimmed and packed to a 75% chemical lean specification. Manufacturing 
trim was sampled using a template and coring drill and fat content was determined using 
the rapid microwave method (Anon, 1983) to ensure that it did not exceed 25% fat. 
Bones were cleared of adhering meat and fat which were weighed as fat or meat trim in 
the appropriate quarter. All bones were then weighed in sections belonging to the fore- 
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or hind-quarters. Electronic scales with 2g increments were used for all weight 
measurements.    
Retail beef yield was calculated as the total weight of boneless primal cuts, trimmed to 
~10mm fat cover, plus the weight of manufacturing meat trim, expressed as a 
percentage of cold carcass weight. Fat and bone were also expressed as a percentage of 
cold carcass weight. 
3.2.3 Computed Tomography Scanning  
The hindlimb (bone-in butt with the rump attached, AUS-MEAT product identification 
number 1502 (AUS-MEAT, 2005)) from the right side of each carcass were weighed 
before being CT scanned. This provided an accurate weight measurement for correlation 
with the CT scan data. A Siemens Somatom Emotion Duo CT scanner (Seimens Ltd, 
Munich, Germany), was used to scan the hindlimbs. Once the entire primal cut was in 
the scanning field, spiral abdomen protocol was selected to include the entire hindlimb 
from the hock to the rump tip.  
The settings for each scan were set as follows: field of view 500, current 96 mA, and 
voltage 110 kV. The scan slice width was 10 mm, with each slice taken serially. The 
pixel height and depth ranged between 0.818 and 0.977 mm depending on the size of 
the hindlimb. The images produced from the CT scanner required editing prior to 
analysis to remove non-carcase sections and artifacts from the image, particularly the 
CT table where the subject reclines. Image J version 1.37v (National Institute of Health, 
USA) was used to carry out this task. 
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In order to determine density ranges for muscle and fat, a histogram was formed that 
had 2 distinct peaks for fat and muscle tissue (Figure 3-1). Pure tissue of each type has 
only a narrow range of pixel values, while all the pixels falling between the peaks are 
caused by mixed pixels of two or more tissues, with various proportions of each tissue. 
To allow for moment-based estimation of each tissue type, Hu thresholds were set 
between 2 tissues. The threshold was the midpoint between the two peaks in the 
histogram which minimised total unexplained variance of carcass tissue composition 
and intramuscular fat (IMF). The thresholds set in this study were 4 Hu (Figure 3-1) 
between fat and muscle and 150 Hu between muscle and bone (Venema et al., 2001). 
The threshold value for fat is close to 10 as reported by Johansen et al. (2007) in sheep, 
but lower than 30 as reported by Navajas et al. (2010) in beef cattle. This discrepancy 
may be explained by technical issues such as CT machine drift and beam hardening 
(Campbell et al., 2003), or biological differences such as varying densities of fat and 
muscle between species, or a reduction in water content due to drip loss and temperature 
(Navajas et al., 2010). Combinations of these effects on CT tissue density are likely to 
have caused the thresholds in this study to be lower. 
Microsoft Excel
®
 was then used to partition each image into bone, muscle and fat based 
on the Hu thresholds of -97 to 4 for fat, 5 to 150 for muscle, and >151 for bone. The 
volume of each component was calculated by multiplying the number of pixels by the 
area of each pixel (determined from the CT scan parameters) by the depth of each slice 
(10 mm). The average of the Hu of the pixels of each component was then determined 
and converted into density (kg/L) using a linear transformation (Mull, 1984). This was 
then used with the volume of each component to determine the weight of fat, lean and 
muscle, which was then expressed as a percentage of carcase weight. There are other 
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more sophisticated methods of analysing CT scan images like the Bayesian mixture 
model (Alston et al., 2007) or multivariate calibration methods, which could be utilised 
in further studies. However, in practice, accounting for mixed pixels made small 
improvement, because the biases cancelled out when summed over regions (Glasbey 
and Robinson, 2002).  
 
 
 
 
 
 
Figure 3-1: Histogram of pixel values for a restricted range of Hounsfield units (Hu), for fat and 
muscle tissues of 24 hindlimbs of beef cattle at 24 months of age. Each line is the frequency of 
the corresponding Hu units of an individual animal. 
3.2.4 Intramuscular fat percentage 
Multiple entire striploins (2143) or LTL were CT scanned at once using the same 
methods as for the hindlimb above. The images produced from the CT scanner were 
edited to limit the field of view to an area in the centre of an individual LTL using 
Image J version 1.37v (National Institute of Health, USA). An area of the same size in 
the same region of the LTL was identified and analysed in each slice of the individual 
LTL for analysis of IMF. The same area was also identified between individuals.  The 
thresholds set for moment based estimation for the boneless LTL were 40 Hu between 
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fat and muscle based on the midpoint between the two peaks in the histogram.  
Composition of the LTL‟s were analysed using Microsoft Excel® as explained 
previously. Following CT scanning of the LTL, a 100g sample from the 13th rib section 
(anterior end) was collected for determining the intramuscular chemical fat percentage 
using near infrared (NIR) spectrophotometry. The sample was frozen at -20°C until 
ready for homogenisation. It was then thawed, homogenised for several seconds in a 
domestic blender, weighed, then freeze dried and weighed again to determine moisture 
content. The sample was then finely ground using a domestic blender and analysed for 
fat content using a Technicon Infralyser 450 (Bran and Luebbe, Homebush, NSW, 
Australia).  
3.2.5 Statistical analysis 
The effect of muscling genotype on muscle score, dressing percentage, HSCW, bone-
out retail yield, bone-out fat trim and bone, CT lean, fat and bone percentage was 
determined using a linear mixed effects model (SAS, 2001), where muscling genotype 
was the fixed effect and sire identification was the random term. This same model was 
applied to the analysis of all other data except for the inclusion cold carcase weight as a 
covariate when analysing rump fat depth, rib fat depth and EMA, and days of age at 
slaughter as a covariate when analysing IMF. 
General linear models (SAS, 2001) were used to analyse the predictability of bone-out 
retail beef yield from CT lean percentage, bone-out fat trim from CT fat %, bone-out 
bone from CT bone %, and chemically determined IMF from CT fat % of the LTL. The 
CT data combined with the carcass measurements were then used to generate algorithms 
predicting bone-out retail beef yield. This analysis involved generating general linear 
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models (SAS, 2001) to predict retail beef yield using varying combinations of CT lean 
%, CT fat %, rib fat depth, rump fat depth, hot standard carcass weight (HSCW), EMA 
and ossification as the foundation components. The root mean square error (RMSE) and 
coefficient of determination (R
2
) were used as indicators of the precision of each 
algorithm. 
3.3 Results 
3.3.1 Live animal and slaughter 
The mean muscle score of the High and High
Het
 muscling genotypes were 10.1 and 10.3 
respectively which equates to a B- (Table 3-1). These scores are 5.5 ± 0.53 and 5.8 ± 
0.79 scores higher than the Low muscled genotype which had an average score of 4.5 or 
a D on the 15 point scale. The dressing percentage of the High and High
Het
 steers was 
3.5 ± 0.97 and 3.3 ± 1.46 percent higher than the Low steers (P < 0.05). This resulted in 
the HSCW of the High muscling steers being 35.0 ± 16.75 kg heavier than that of the 
Low muscling genotype steers (P=0.05), with the High
Het
 steers differing from neither 
group (Table 3-1). 
Carcass measurements (Table 3-1) showed that the Low muscling genotype steers had 
5.5 ±1.56 and 5.9 ±2.1 mm more subcutaneous fat at the rump site compared to the 
High and High
Het
  steers (P<0.01). Conversely, there was no difference between any of 
the muscling treatments for subcutaneous fat at the 12
th
/13
th
 rib (Table 3-1). The High 
muscling steers did have 10.05 ±4.25 cm
2
 larger eye muscle area than the Low muscling 
genotype steers (P<0.05), but the High
Het
 steers were not different to either of the other 
muscling treatments. For intramuscular fat only the High
Het
 steers differed, with levels 
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that were 3.48 ±1.12 and 2.77±1.04 percent lower than the Low and High muscling 
genotype steers.  
Table 3-1: Least square mean ± s.e.m. for muscle scores and carcass measurements for Low, 
High and High
Het
 muscling genotype Angus steers 
 Muscling Genotype 
 Low High High
Het
 
Number of cattle 10 11 3 
Muscle score (1-15) 4.52
b
 ± 0.38 10.06
a
 ± 0.36 10.33
a
 ± 0.7 
Dressing percentage 
(%) 
56.9
b
  ± 0.7 60.4
a
  ± 0.67 60.2
a
  ± 1.28 
HSCW (kg) 301
b
  ± 12.1 336
a
  ± 11.6 300
ab
  ±17.6 
Rump fat depth (mm) 17.4
a 
± 1.1 11.7
b
 ± 1.1 12.0
b
  ± 2 
Rib fat depth (mm) 21.8  ±2.2 15.6  ± 2.0 19.7  ± 3.5 
Eye muscle area (cm2) 62.5
b
  ± 3.1 72.5
a
  ± 2.9 67
ab
  ± 5.6 
Intramuscular fat (%) 5.78
a
 ± 0.52 5.08
a
 ± 0.47 2.3
b
 ± 0.95 
Values followed by
 
different superscripts 
a,b
 differ (P < 0.05). 
3.3.2 CT scan and bone-out yields 
The High
Het
 steers were the highest yielding genotype as determined by half side bone-
out and CT scan of hindlimb (Table 3-2). The High
Het
 steers had retail beef yield values 
that were 5.3 ± 1.31 percentage units higher than the Low genotype steers (P < 0.01) 
from bone-out measurements, and 2.9 percentage units higher than the High genotype 
(P < 0.05). The High genotype steers were also higher than the Low, with retail beef 
yield values differing by 2.9 ± 0.91 percentage units (P < 0.01, Table 3-2). The CT scan 
of hind-limbs delivered very similar results for CT lean %, showing the High muscling 
genotype steers had 1.9 ± 0.62 percentage units higher CT lean % than the Low 
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muscling steers (P < 0.01). The High
Het
 steers were the highest yielding genotype and 
were 4.7 ± 0.93 and 2.8 ± 0.92 percentage units higher in CT lean % than the Low and 
High muscling genotypes (P < 0.01, Table 3-2). 
The half side bone-out demonstrated that the High
Het
 and High muscling genotype steers 
had 4.4 ± 1.65 and 2.6 ± 1.09 percentage units less fat trim than the Low muscling 
genotype steers (P < 0.05), while there was no difference between the High
Het
 and High 
muscling genotype steers (Table 3-2). The High
Het
 genotype steers had 3.8 ± 1.26 
percentage units lower CT fat % than the Low muscling treatment (P < 0.01), but there 
was no difference in CT fat %  between the High
Het
  and High muscled genotypes . The 
Low and High muscling genotype steers did also not differ in CT fat %. There was no 
effect of muscling genotype on the percentage of bone from the carcass bone-out or 
from the CT scan of the hindlimb. 
Table 3-2: Least square means ± s.e.m. for bone-out percentages of retail yield, fat trim, 
and bone from a whole carcass and CT scan percentages of lean, fat and bone from a 
hindlimb for Low, High and High
Het
 muscling genotype Angus steers 
 Muscling Genotype 
 Low High High
Het
 
Number of cattle 10 11 3 
Bone-out retail yield (%) 62.4
c
  ± 0.67 65.3
b 
 ± 0.61 67.7
a
  ± 1.13 
Bone-out fat trim (%) 18.3
a
  ± 0.79 15.7
b
 ± 0.75 13.9
b
  ± 1.45 
Bone-out bone (%) 18.5 ± 0.42 18.1 ± 0.40 17.2 ± 0.76 
CT lean (%) 64.5
c
 ± 0.45 66.4
b
 ± 0.42 69.2
a
 ± 0.81 
CT fat (%) 18.5
a
± 0.6 17.0
ab
 ± 0.58 14.6
b
 ± 1.1 
CT bone (%) 17.1 ± 0.34 16.6 ± 0.33 16.2 ±0.63 
Mean values followed by
 
different superscripts 
a,b,c
 differ (P < 0.05). 
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3.3.3 CT scan relationships with bone-out percentages 
There was a strong positive association (P<.0001) between carcass retail beef yield (% 
CCW) and CT lean% from a hindlimb with R2 = 0.79 (Figure 3-2). Carcass fat trim 
(Figure 3-3) and bone (Figure 3-4) were also strongly associated with CT fat % (R
2
 = 
0.83; P<0.01) and CT bone % (R
2
 = 0.76; P<0.01) of a hindlimb. There was a strong 
positive association (R
2
=0.70; P<0.01) between chemically determined IMF% and CT 
IMF% in the LTL, although the absolute values of the CT IMF% were slightly lower 
than the chemically determined IMF (Figure 3-5).  
Figure 3-2: The relationship between CT lean percentage of hindlimb and bone-out 
retail beef yield as a percentage of cold carcass weight. Round circles are individual 
animal measurements and solid line represents linear relationship.  
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Figure 3-3: The relationship between fat percentage of a hindlimb as determined by CT scan 
and fat trim as a percentage of a cold carcass weight. Round circles are individual animal 
measurements and solid line represents linear relationship. 
 
 
Figure 3-4: The relationship between bone percentage of a hindlimb as determined by CT scan 
and the percentage of bone from a beef carcass. Round circles are individual animal 
measurements and solid line represents linear relationship. 
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Figure 3-5: The relationship between intramuscular fat percentage of the median section of a 
complete striploin (LTL) as determined by CT scan and the intramuscular fat percentage of the 
LTL from the 13th rib section of the striploin as determined by chemical analysis. Round circles 
are individual animal measurements and solid line represents linear relationship. 
Table 3-3 highlights the various combinations of hindlimb CT scan and carcass 
measurements that were used to predict bone-out retail beef yield. As a general trend, 
when more CT or carcass components were included in the model, the precision of the 
model increased. Therefore the most precise model of those tested was that with all 
components included, which had an RMSE = 0.785 and an R2 = 0.94. However the 
simpler model of algorithm number 4, had fewer components but relatively similar 
precision for predicting retail beef yield (R2=0.93, Table 3-3). CT lean, rib fat depth and 
rump fat depth were the components which described the bulk of the variation in retail 
beef yield of a carcass. 
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Table 3-3: F-values for algorithms based on different combinations of CT results and carcass 
measurements to predict retail beef yield derived from bone-out data. 
Carcass and CT 
measurements used 
within algorithms 
Algorithm Number 
1 2 3 4 5 6 7 
 F-Values
ψ
 
CT lean (%)  82.98 14.39 24.59 37.85 34.01 35.52 25.73 
CT fat (%) - 0.46 0.01 1.02 2.04 3.31 2.81 
Rib fat depth (mm) - - 17.36 16.71 17.77 14.51 12.21 
Rump fat depth (mm) - - - 9.96 10.64 12.02 11.25 
Carcass weight (kg) - - - - 1.03 2.2 1.96 
Ossification - - - - - 1.32 1.15 
EMA (cm
2
) - - - - - - 0.01 
 Precision indicators for models 
RMSE 1.22 1.23 0.93 0.77 0.77 0.76 0.78 
R
2
 0.79 0.79 0.89 0.93 0.93 0.94 0.94 
ψ
F-Values in bold are significant in the model at P < 0.05. RMSE, root mean square error. 
Given the results of this study, algorithm 4 would be the most precise for predicting 
retail beef yield of a carcass in this herd. The equation is as follows:  
Retail Beef Yield (%CCW) = 0.89+(CT lean*0.99)+(CT Fat*0.16)-(Rib Fat*0.13)-
(Rump Fat*0.15) 
3.4 Discussion  
3.4.1 Yield advantages of muscular cattle 
The results showed that more muscular cattle had significantly higher retail beef yields 
and percentage of lean in the hindlimb, supporting our initial hypothesis. The High 
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muscled steers had 2.9% higher retail beef yields and 1.9% higher percentage of CT 
lean in the hindlimb than the Low muscled genotype steers, with a lower percentage of 
fat trim from the carcass. These results closely support the findings of O'Rourke et al. 
(2009) that also showed that selection for muscling increased retail beef yield. The High 
muscled steers also had heavier carcass weights, reduced fatness, higher dressing 
percentage and larger eye muscle area than the low muscled steers, whilst they still 
maintained the same amount of marbling which is an important trait for palatability of 
beef (Dikeman, 1987; Pethick et al., 2004; Pethick et al., 2005b).  
The High muscled steers with the mutant myostatin were the highest yielding overall 
and were leaner plus had higher dressing percentages than the low muscled steers, but 
they did have the lowest percentage of IMF. The yield advantages of cattle with „double 
muscling‟ or a mutant allele resulting in non-functional myostatin are well documented 
(Arthur, 1995; McPherron and Lee, 1997; O'Rourke et al., 2009). However, the yield 
advantages of the myostatin cattle were only marginally greater than the High muscled 
group, thus selection for muscling in the absence of the myostatin mutation may be an 
advantage in that marbling, and therefore meat quality is not adversely affected. 
Selection for muscling generates differences in quantity of muscle and adipose tissue, 
possibly due to an alteration in tissue metabolism. Tissue growth and deposition is the 
product of nutrient uptake by the cell and the balance between anabolic and catabolic 
processes that regulate accretion or erosion of cells (Etherton, 1982). Thus, animals 
selected for muscling which have more muscle and less adipose tissue as shown in these 
results may have a distorted muscle and adipose tissue response to the key catabolic and 
anabolic hormones, adrenaline and insulin.  
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3.4.2 Prediction of carcass beef yield, fat and bone using CT 
Computed tomography (CT) scans of hind-limbs explained 76, 79 and 83% of the 
variance for bone, retail beef yield and trimmed fat from a carcass bone-out. The 
inclusion of other carcase measures such as rib and rump fat depth further improved the 
precision of retail beef yield prediction, a result that is not surprising given that CT 
scans were only taken of the hindlimb. The prediction of retail beef yield was also 
sensitive enough to identify the same differences between the muscling treatment 
groups that the raw data had already confirmed. Thus there was general support for the 
hypotheses that CT scans could predict retail beef yield, and with enough precision to 
enable the differentiation between high and low yielding genotypes of cattle. 
These results support those of Greenwood et al.  (2003) who showed that the beef 
hindlimb had the strongest correlation with lean and fat percentages from a carcass. 
However, the precision levels in this study are lower than those reported by Navajas et 
al. (2010) and Johansen et al. (2007), even with the inclusion of other carcase measures 
such as rib and rump fat depth. This is largely due to the fact that this study used only 
the hindlimb to estimate retail beef yield of the entire carcass, whereas these previous 
studies CT scanned all primals from the carcass to estimate carcass composition, thus 
explaining a higher proportion of variance. Alternatively, the results from this study 
provided greater predictability of retail beef yield than recent studies which only used 
hot carcass weight, eye muscle area, 12
th
 rib back fat and the percentage of kidney, 
pelvic and heart fat to predict retail beef yield of a carcass. Greiner et al. (2003), May et 
al. (2000) and Realini et al. (2001) reported precision levels (R
2
 values) of between 0.65 
to 0.72 for the yield of boneless sub-primals from a carcass. Other studies predicting 
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yield from carcass weight, EMA and fatness have shown precision levels from 0.19 to 
0.42 in mixed breed heavy weight carcasses (Hopkins and Roberts, 1995). The precision 
of any yield prediction equation is usually highest in the data set upon which it is 
“trained”, but the transportability of this equation into other data sets is what is 
important for yield prediction. CT scanning is likely to have an advantage in this facet 
as the transportability of CT scan thresholds is greater than the transportability of 
prediction equations using carcass measurements. Navajas et al. (2010) reported that in 
a validation data set, the same thresholds produced accuracies for muscle, fat and bone 
greater than 0.90 (R
2
). 
3.4.3 Prediction of intramuscular fat 
The IMF percentage of the LTL determined by CT scans were strongly correlated (R
2 = 
0.70) with the chemically determined IMF in the LTL at 12
th
-13
th
 rib, supporting our 
initial hypothesis. The CT IMF percentages were slightly lower than the IMF 
percentage due to the method of analysing IMF from the CT scans. CT IMF was 
determined from a small medial section of the entire LTL whereas the chemically 
determined IMF was analysed in a small sample from the cranial end of the LTL. This 
may have caused the CT IMF to be lower as IMF percentage decreases at the caudal 
extremities of the LTL and is lower in the medial section (Cook et al., 1964). However, 
for CT analysis, simply measuring the medial section is less time consuming. Future 
studies could evaluate the precision of CT scanning the LTL at the cranial cut surface 
only, rather than analysing the medial section of the entire LTL as it is this area of the 
LTL where assessments are made of intramuscular fat for meat quality evaluation. 
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At present, quantity of IMF is analysed visually for Meat Standards Australia grading of 
carcasses. Visual appraisal of IMF is very rapid with good repeatability between 
different graders. CT scanning of the LTL could be utilised by both industry and science 
to analyse the quantity of IMF in muscle, however the biggest hurdles to overcome 
would be the cost of operating a CT and the time required to analyse the images 
produced.  
3.5 Conclusion 
In conclusion, the results of the present study show that the proportions of muscle, bone 
and fat from CT scans of a hindlimb can predict the retail beef yield, trimmed fat and 
percentage bone of a beef carcass with a high degree of precision. This precision is 
further enhanced by including additional carcass measures such as rib and rump fat 
depth, accounting for up to 94% of the variance in retail beef yield. The CT scans can 
also precisely predict the percentage IMF in the LTL. The High
Het
 steers were the 
highest yielding genotype with the lowest proportion of fat, while the Low muscling 
genotype were the lowest yielding with the highest proportion of fat, with these 
differences demonstrated by both the CT scan and bone-out data. Hence, CT scans can 
be used to predict carcass retail beef yield and IMF with good precision, providing a 
useful method for progeny testing, and research programs, although its application as an 
industry measure of yield for use within abattoirs requires evaluation.   
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Chapter 4. Using an exponential function to model 
plasma substrate responses to exogenous challenges 
improves the accuracy of response data   
4.1 Introduction 
Shifts in insulin and adrenaline responsiveness have a profound effect on intermediary 
metabolism (Leenanuruksa and McDowell, 1985; Leturque et al., 1987), and have been 
associated not only with metabolic diseases such as diabetes mellitus, but also with 
marked changes in production characteristics of livestock such as lean growth and milk 
yield (Bauman and Currie, 1980). Due to these potential economic benefits there is on-
going research focused towards these hormonal axis and the flux of intermediary plasma 
metabolites that are influenced by them. There are numerous methodologies to assess 
insulin and adrenaline responsiveness in livestock, with one relatively simple alternative 
being to administer exogenous doses through indwelling jugular cathetars. In the case of 
the catabolic hormone adrenaline this causes increased rates of glycogenolysis and 
lipolysis, resulting in the release of glucose, lactate, and non-esterified fatty acids 
(NEFA) from liver, muscle and adipose tissue (Leenanuruksa and McDowell, 1985). 
This response occurs rapidly in four distinct exponential phases; an initial accelerating 
increase in metabolite concentration from a relatively stable basal starting point; a 
decelerating approach towards a maximum concentration; an accelerating decline from 
this maximum concentration; and a decelerating approach back to approximate basal 
concentrations. These phases reflect a dynamic balance between the stimulus from and 
response to exogenous adrenaline, and a counteracting homeostatic regulation due to 
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endogenous insulin. An exogenous dose of insulin has the opposite effect to this 
response, causing glucose uptake and storage within insulin responsive tissues such as 
muscle and fat (Weekes, 1991), thus resulting in a reduction in plasma glucose 
concentrations prior to the homeostatic return to basal levels. As such, plasma 
metabolite concentrations can be monitored both before and after these challenges are 
administered to determine tissue responsiveness. Plasma sampling procedures vary, but 
there are generally between 2 (Rose et al., 2009) and 6 (Houseknecht et al., 1995) pre-
challenge blood samples, and up to 11 post challenge samples (Houseknecht et al., 
1995) taken to determine the amplitude of the response. Previous studies have reported 
the maximum or minimum response or area under curve (AUC) of the response, which 
is usually determined through simple rectangulation under raw data points relative to the 
basal level, as a means of quantifying the magnitude of the response (Rose et al., 2009). 
However, there are some limitations to this approach. The post challenge samples are 
taken at infrequent times after administration of the challenge and rarely closer than 2.5 
minutes apart due to the logistical limitations of manual blood sampling. Therefore with 
hormone challenges like adrenaline where the tissue‟s catabolic response is rapid and 
the decay of the stimulus is also rapid, sample times may not coincide with the time of 
peak response. As a compromise maximum and minimum response is often assessed as 
the highest or lowest raw data reading post challenge. This method of maximum or 
minimum response analysis does not take into account the slope of the increase to 
accurately determine if the maximum or minimum may in fact be between two sample 
times. Furthermore, the area under curve calculation assumes linearity between sample 
points (Houseknecht et al., 1995; Rose et al., 2009), thus decreasing the accuracy of 
results as it does not account for the likely nature of substrate increase or decrease as 
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time progresses post challenge. Lastly, if rates of response are required (i.e. 
determination of “time” to peak response), then merely reporting the corresponding time 
of the highest (or lowest in the case of insulin) raw data reading post challenge will 
provide an approximation only, with error defined by the time between readings at that 
point. 
An alternative approach for analysing individual plasma response curves that may 
overcome these limitations is to fit an exponential function based on the biological 
relationships being described. Functions of this type are often used to model biological 
data (Istratov and Vyvenko, 1999), with the combination of exponential parameters 
reflecting the biological relationships being described (Lee et al., 2001). Therefore the 
aim of this paper was to use an exponential function to deliver a better interpolation and 
hence estimation of parameters such as maximum/minimum concentration, time to 
maximum/minimum concentration and area under curve. Furthermore, we hypothesise 
that an exponential function will model changes in plasma metabolite concentration 
over time in response to exogenous doses of insulin, adrenaline or glucose with 
normally distributed, homoskedatic residuals.   
4.2 Materials and Methods 
The exponential function was fitted to plasma metabolite responses of 24 cattle which 
were part of an experiment assessing the impact of selection for muscling on 
intermediary metabolism. Experiments were approved and monitored by the animal 
ethics committee at Murdoch University (Perth, Australia) with Permit number: 
R2053/07.  
88 
 
4.2.1 Experimental protocol 
The animals were acclimated to individual 3m
2
 pens for 2 weeks prior to 
commencement of the challenges. The animals need an acclimation period as this 
method of measuring responsiveness to adrenaline, insulin and dextrose is suitable only 
if animals do not release endogenous hormones during the sampling period due to 
human interaction. On the day prior to the commencement of challenges, animals were 
weighed and fitted with two catheters, one in each external jugular vein. One catheter 
was a 14 gauge x 20 cm catheter with integrated extension tube (MILA International 
Inc., USA, Cat. No. 1410) and the other was fashioned from single lumen Teflon tubing 
with an outer diameter of 1.80 mm and an inner diameter of 1.20 mm (Jepson Bolton, 
England). The 14 gauge catheter was used for blood sampling and the other for infusion 
of the exogenous adrenaline. On sampling days, the catheters were kept patent by filling 
with 12.5 g/L EDTA (Product code: ED2P, Sigma-Aldrich Pty. Ltd., Castle Hill, NSW) 
in sterile saline between sample collections. Overnight, catheters were filled with 2.5 x 
10
4
 U/L of heparinised sterile saline (Heparin Sodium, Pharamacia Australia, Bentley, 
WA in NaCl 9g/L, Baxter Healthcare, Old Toongabbie, NSW).  
The steers were administered 7 different adrenaline challenges, 2 insulin challenges and 
1 glucose challenge over a 5 day period. The 10 challenges were assigned in a 
randomised design with two challenges per day (morning 1000h or afternoon 1400h) 
per steer. The rate of the adrenaline (Adrenaline Injection BP, AstraZeneca Pty Ltd., 
NSW, Australia, Cat. No. 03025) challenges were 0.2, 0.4, 0.6, 1.0, 1.6, 2.2 and 3.0 
ug/kg live weight. Insulin (Actrapid ® Novo Nordisk Pharmauceuticals, Australia) 
challenges were administered at 0.5 and 2 ug/kg live weight while the dextrose (50% 
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Glucose (vv) Baxter Healthcare, Australia) challenge was set at 200mg/kg live weight. 
Blood samples (5ml) were taken from the catheter at -30, -15, -10, -5, 0, 2.5, 5, 10, 15, 
20, 30, 45, 60, 120, 125, and 130 minutes relative to the administration of the challenge. 
Whole blood was collected using S-Monovette Vacutainer® tubes (Sarstedt Australia 
Pty. Ltd. SA Australia, Cat. No. 02.1066.001) containing EDTA to prevent clotting. 
Immediately after collection, the blood filled tubes were stored on ice to minimize 
further metabolic activity of red blood cells. Within 20 minutes of collection, the 
samples were centrifuged at 3500 rpm for 15 minutes at 5
o
C and the plasma decanted 
into 2 separate labeled storage tubes. One tube was stored at -20
o
C for glucose and 
lactate analysis and the other tube was stored at -80
o
C for NEFA and insulin analysis. 
4.2.2 Plasma analysis 
Laboratory determination of blood plasma was carried out in duplicate using enzymatic 
methods for glucose (Kunst et al., 1984) and lactate (Marbach and Weil, 1967) 
automated within the Dupont Dimension® XL Clinical Chemistry system Auto-
analyser (Dade Behring Diagnostics, QLD, Australia) measured at 340nm. The NEFA 
concentration was measured in duplicate using a Wako NEFA C Kit (Wako Pure 
Chemical Ind., Osaka, Japan) modified for use as a plate assay. This kit used an 
enzymatic method based on the protocol of Itaya and Ui (1965) and Duncombe (1964). 
The modification of the assay involved reduction in the volume of samples and reagents 
to allow for analysis using 96 flat well Microtest Plates (Sarstedt Australia Pty. Ltd., 
SA, Australia, Cat. No. 82.9923.148). These plates were measured using a Microplate 
spectrophotometer (Expert 96 Art.Nr. G018065 B.E.S.T. Lab Instrumentation, ASYS, 
Hitech GmbH, Austria).  
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Plate 1: The 96 flat well Microtest Plate used for the analysis of plasma NEFA concentration 
using a Microplate spectrophotometer 
Insulin was assayed on plasma samples collected during the dextrose challenge only. 
Determination of insulin involved a radioimmunoassay (RIA) system using anti-bovine 
insulin developed in guinea pig antiserum which binds with insulin. The detection range 
of the assay was 1.5–240 µU ml-1. A standard curve, quality control and assay control 
were included in each assay run performed. Plasma (100µl) anti-bovine insulin antibody 
(Sigma I6136) diluted at 1:8,000 (100µl) and tracer (100µl) were combined and 
incubated at 4
o
C for 12-18 hours. Poly ethylene glycol (17%, 1.2 mL) was then added 
and samples incubated at room temperature for 15 – 30 minutes. The samples were then 
centrifuged for 30 minutes at 3500 rpm (2000 g) at 4
o
C and aspirated immediately to 
remove the liquid portion. The remaining pellet was counted using a gamma counter.  
4.2.3 Modelling plasma metabolite response 
Plasma hormone and metabolite response to exogenous challenges were modelled using 
an exponential function comprised of 4 components. A is the average pre-challenge 
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basal concentration. The second term reflects the deviation away from basal due to the 
basic stimulus and homeostatic regulation governed by  and , respectively, and the 
scaling parameter, . The third term incorporates the impact of the stimulus response 
initial dampening parameter, . The final term reflects a notional homeostatic shift over 
time from the initial basal concentration, A, and a post-challenge equilibrium, A + . 
The time path for the response takes the following form: 
Equation 4-1:  
yt = A,          when t≤0 
yt = A –[ /( - )](e
- t
 –e- t) + [ /( + - )](e-( + )t –e- t) + (1– e- t)  when t>0 
Where: 
y(t) = plasma substrate concentration at t minutes. The challenge is administered at   
t=0. 
A = basal metabolite concentration  
γ,α,Δ = stimulus parameters 
β = homeostatic regulation parameter 
θ = adjustment to basal metabolite concentration, after the administration of the 
challenge 
 
Plasma hormone and metabolite response to exogenous challenges were modelled using 
an exponential function comprised of 4 components. A is the average pre-challenge 
basal concentration. The second term reflects the deviation away from basal due to the 
basic stimulus and homeostatic regulation governed by  and , respectively, and the 
scaling parameter, . The third term incorporates the impact of the stimulus response 
initial dampening parameter, . The final term reflects a notional homeostatic shift over 
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time from the initial basal concentration, A, and a post-challenge equilibrium, A + . 
The time path for the response takes the following form: 
Equation 4-1 is defined in the special cases where α = β and α +  = β and reverts to the 
following form: 
y(t) = A + Te
- t
 +  (1–e- t),    
where T is: [t – (1–e- t) / ] when  = ;  
          –[t + (1–e t) / ] when +  = ;  
t if  =  and the initial stimulus response dampening effect, (1- e
- t
) in 
Equation 4-3, is excluded from the model. 
4.2.4 Equation derivation and plasma modelling 
Plasma hormone and metabolite response to exogenous challenges were modelled using 
an exponential function comprised of 4 components. A is the average pre-challenge 
basal concentration. The second term reflects the deviation away from basal due to the 
basic stimulus and homeostatic regulation governed by  and , respectively, and the 
scaling parameter, . The third term incorporates the impact of the stimulus response 
initial dampening parameter, . The final term reflects a notional homeostatic shift over 
time from the initial basal concentration, A, and a post-challenge equilibrium, A + . 
The time path for the response takes the following form: 
Equation 4-1 is derived as the interaction of two dynamic processes. The first reflects a 
response to a stimulus, with the stimulus (or the response to it), decaying exponentially. 
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A delay in the response to the stimulus is also incorporated. The second process is a 
tendency to revert to equilibrium, which ultimately prevails as the impact of the 
challenge is exhausted. The detailed derivation of Plasma hormone and metabolite 
response to exogenous challenges were modelled using an exponential function 
comprised of 4 components. A is the average pre-challenge basal concentration. The 
second term reflects the deviation away from basal due to the basic stimulus and 
homeostatic regulation governed by  and , respectively, and the scaling parameter, . 
The third term incorporates the impact of the stimulus response initial dampening 
parameter, . The final term reflects a notional homeostatic shift over time from the 
initial basal concentration, A, and a post-challenge equilibrium, A + . The time path 
for the response takes the following form: 
Equation 4-1 is as follows.  
The initial stimulus, St, is presumed to be highest when the challenge is administered 
and thereafter decay exponentially at rate alpha towards zero (Equation 4-2). Within this 
equation, a is a scaling parameter. 
Equation 4-2: 
St  = ae
– t
 where α ≥ 0  
The stimulus serves to drive the parameter of interest, yt, away from its current level 
(which is initially the basal concentration, A). The impact is presumed proportional to 
the size of the stimulus, St, prevailing at the time, subject to a delay factor governed by 
 that serves to dampen its initial influence Equation 4-3. Within this equation, b is a 
scaling parameter 
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Equation 4-3: 
y/ t = b(1 – e– t)St, where Δ >0 
In addition, y is subject to a tendency to revert to equilibrium at a rate proportional to 
the degree of deviation from it (Equation 4-4). θ is a parameter that allows a change in  
the basal level to which y eventually reverts as the stimulus dissipates. 
Equation 4-4: 
y/ t = – (y – θ), where θ ≥0 
The stimulus and homeostatic dynamics are then combined in Equation 5 using a first 
order difference equation that describes changes in the hormone response over time.  
Equation 4-5: 
dy/dt = (1– e– t)e- t – (y – θ) where  = ab 
Integrating Equation 4-5 and presuming the animal is at basal concentration when the 
stimulus is administered, t = 0, gives the path of the hormone response described in 
Equation 4-1. 
4.2.5 Calculating response parameters 
Integrating this equation gives the time-path for the deviation from basal, yt, specified in 
Plasma hormone and metabolite response to exogenous challenges were modelled using 
an exponential function comprised of 4 components. A is the average pre-challenge 
basal concentration. The second term reflects the deviation away from basal due to the 
basic stimulus and homeostatic regulation governed by  and , respectively, and the 
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scaling parameter, . The third term incorporates the impact of the stimulus response 
initial dampening parameter, . The final term reflects a notional homeostatic shift over 
time from the initial basal concentration, A, and a post-challenge equilibrium, A + . 
The time path for the response takes the following form: 
Equation 4-1. The area under curve between two times, t0 and t1, can be calculated 
directly from integrating Plasma hormone and metabolite response to exogenous 
challenges were modelled using an exponential function comprised of 4 components. A 
is the average pre-challenge basal concentration. The second term reflects the deviation 
away from basal due to the basic stimulus and homeostatic regulation governed by  
and , respectively, and the scaling parameter, . The third term incorporates the impact 
of the stimulus response initial dampening parameter, . The final term reflects a 
notional homeostatic shift over time from the initial basal concentration, A, and a post-
challenge equilibrium, A + . The time path for the response takes the following form: 
Equation 4-1. 
Equation 4-6: 
Area under curve (above basal) = [ /( – )][(e– t1–e– t0)/  – (e– t1–e– t0)/ ] – [ /( – –
)][(e
– t1–e– t0)/  – (e–( + )t1–e–( + )t0)/( + )] + (t1-t0) + ( / )(e– t1–e– t0) 
In the instance where t0=0, replace all the exponential terms with t0 in them with 1, like 
in Equation 4-7. 
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Equation 4-7: 
AUC (above basal, from time = 0 to t1) = [ /( – )][(e
– t1–1)/  – (e– t1–1)/ ] – [ /( – –
)][(e
– t1–1)/  – (e–( + )t1–1)/( + )] + t1 + ( / )(e– t1–1) 
Maximum or minimum plasma concentration can be found using a solver function 
which finds the maximum or minimum y(t). Time to maximum/minimum concentration 
(tmax) can also be calculated using solver by choosing t to maximise y(t).  
4.2.6 Fitting the response curve to raw data 
For every animal, the function in Plasma hormone and metabolite response to 
exogenous challenges were modelled using an exponential function comprised of 4 
components. A is the average pre-challenge basal concentration. The second term 
reflects the deviation away from basal due to the basic stimulus and homeostatic 
regulation governed by  and , respectively, and the scaling parameter, . The third 
term incorporates the impact of the stimulus response initial dampening parameter, . 
The final term reflects a notional homeostatic shift over time from the initial basal 
concentration, A, and a post-challenge equilibrium, A + . The time path for the 
response takes the following form: 
Equation 4-1 was fitted to the observed plasma lactate, glucose and NEFA response for 
each of the 7 adrenaline challenges; to the plasma glucose and NEFA response for each 
of the 2 insulin challenges; and to the plasma glucose and insulin response for the 
glucose challenge. This function was fitted by adding a normally distributed error term 
( i ~N(0,σ
2
)) and choosing the curve parameters to maximise the likelihood of the 
observed data. With this assumption, the function was fitted to the data using PROC 
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NONLIN in SAS (SAS, 2001) using the Gauss-Newton method (Hartley, 1961). Where 
necessary, starting parameter values were adjusted to facilitate convergence. Thus, we 
arrived at the most likely combination of curve parameters based on the sample 
observations and an assumption of normally distributed errors. The pre-challenge basal 
concentration (A) was calculated using the average metabolites concentrations at 4 time 
points prior to the administartion of the challenge (-15, -10, -5and 0 minutes). For 
examples of the curves fitted to plasma glucose, lactate, NEFA and insulin responses to 
the adrenaline, glucose and insulin challenges, see Figure 4-1 to Figure 4-6. 
 
 
 
 
 
 
Figure 4-1: The response curve for plasma lactate over time following an exogenous adrenaline 
challenge administered at time 0. 
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Figure 4-2: The response curve for plasma glucose over time following an exogenous adrenaline 
challenge administered at time 0. 
 
Figure 4-3: The response curve for plasma NEFA over time following an exogenous 
adrenaline challenge administered at time 0. 
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Figure 4-4: The response curve for plasma glucose over time following a 200mg/kg liveweight 
glucose challenge administered at time 0. 
 
Figure 4-5: The response curve for insulin over time following a 200mg/kg liveweight glucose 
challenge administered at time 0. 
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Figure 4-6: The response curve for plasma glucose over time following a 2mU/kg liveweight 
insulin challenge administered at time 0. 
4.2.7 Application to analysis of plasma substrate responses  
The use of the exponential function allows the plasma substrate concentration response 
curve to be modelled at all time points pre and post challenge which enables improved 
interpolation of the raw data.  This allows ease of quantification of the substrate 
response, out-putting components for analysis including the modelled maximum or 
minimum substrate response, area under curve (AUC) up to any time point specified, as 
well as estimates of time to maximum or minimum response. In the case of the glucose 
challenge, it is the time to return to half of the maximum response that is of interest, and 
can be calculated from this function.   
Maximum or minimum substrate concentration, AUC and time to maximum or 
minimum concentration were analysed for each animal at each level of adrenaline, 
insulin or glucose challenge so that differences in intermediary metabolism could be 
established. AUC was analysed up to the time when the peak substrate concentration 
peaked. This restricts consideration of the plasma concentrate response to a timeframe 
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in which the stimulus is yet to be overridden by the homeostatic regulation. Other cut-
offs could be chosen.  
4.2.8 Analysis of the residuals of the derived function  
A well-fitting function would be expected to display small, normally distributed 
(residual) errors along the entire curve. The residual errors of the exponential function 
were assessed for normality of their distribution with mean zero, and homoskedastic 
variance. Normality of all errors was analysed in SAS using PROC UNIVARIATE 
(SAS, 2001) which uses several tests for normality such as the Shapiro-Wilk test and 
the Kolmogorov-Smirnov test. The Shapiro-Wilk Test can be calculated if sample size 
is less than 2000 and is denoted Wn to emphasize its dependence on the sample size n. 
The statistic Wn is the ratio of the best estimator of the variance (based on the square of 
a linear combination of the order statistics) to the usual corrected sum of squares 
estimator of the variance. When n is greater than three, the coefficients to compute the 
linear combination of the order statistics are approximated by the method of Royston 
(1992). The statistic Wn is always greater than zero and less than or equal to one with 
small values (<0.05) leading to the  rejection of the null hypothesis that the residuals are 
normally distributed (Ayyangar, 2007). The Kolmogorov-Smirnov test for normality 
(D) is based on the empirical distribution function (Stephens, 1974). Small values of D 
(<0.05) lead to the  rejection of the null hypothesis that that the residuals are normally 
distributed (Ayyangar, 2007).   
The heteroskedasticity of residuals was also analysed in SAS using PROC REG (SAS, 
2001). This function performs the white test for heteroskedasticity (White, 1980), with 
the null hypothesis stating that the residuals are homoskedastic.  
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4.3 Results 
Aggregated residual plots were used to assess the nature of the fit between the estimated 
and observed concentrations, both overall and according to the time of observation. All 
figures from 4-7 to figure 4-13 suggest the derived function is an acceptable depiction 
of the response curves of animals, across all ranges of challenges tested at all time 
points for all substrates. The residuals are small in proportion to the plasma 
concentrations of each substrate and are distributed around zero. This indicates the 
function had no bias towards over or under estimation.  
 
Figure 4-7: Glucose residual errors (a) between modelled and raw concentrations for all 
animals, at all time points during 7 adrenaline challenges and (b) frequency distribution of these 
residuals.  
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Figure 4-8: Lactate residual errors (a) between modelled and raw concentrations for all animals, 
at all time points during 7 adrenaline challenges and (b) frequency distribution of these 
residuals. 
Figure 4-9: NEFA residual errors (a) between modelled and raw concentrations for all animals, 
at all time points during 7 adrenaline challenges and (b) frequency distribution of these 
residuals. 
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Figure 4-10: Glucose residual errors (a) between modelled and raw data for all animals, at all 
time points during 200mg/kg liveweight glucose challenge and (b) frequency distribution of 
these residuals.  
 
 
 
 
 
 
Figure 4-11: Insulin residual errors (a) between modelled and raw data for all animals, at all 
time points during 200mg/kg liveweight glucose challenge, and (b) frequency distribution of 
these residuals.  
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Figure 4-12: Glucose residual errors (a) between modelled and raw data for all animals, at all 
time points during insulin challenges 0.5 and 2 µg/kg live weight and (b) frequency distribution 
of these residuals.   
 
 
 
 
 
Figure 4-13: NEFA residual errors (a) between modelled and raw data for all animals, at all time 
points during insulin challenges 0.5 and 2 µg/kg live weight and (b) frequency distribution of 
these residuals.   
For all metabolites and insulin, the mean residual error between raw and modelled 
concentrations were not significantly different (P>0.05) as demonstrated by the range of 
the 95% confidence intervals which contained 0 (Table 4-1). The residual errors of all 
substrates under all levels of adrenaline, glucose and insulin challenges demonstrated 
normality in their distribution, as shown by the Kolmogorov-Smirnov (D) and Shapiro-
Wilk (Wn) tests of normality (Table 4-1). All values for D and Wn were greater than 
(a) (b) 
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0.05 indicating normality of residuals. The residual errors were also homoskedastic over 
time and across all levels of challenge as the values for the White Test of 
heteroskedasticity were all greater than 0.05 (Table 4-1).  
Table 4-1: The mean residual error (±std dev.), 95% confidence interval (95% CI), 
Kolmogorov-Smirnov (D) and Shapiro-Wilk (Wn) test of normality and the White Test of 
heteroskedasticity for metabolites and insulin measured during adrenaline, glucose and insulin 
challenges  
Challenge Substrate n Mean Residual 95% CI D Wn White Test 
Adrenaline 
Glucose (mM) 2572 0.002 ±0.156 -0.26 – 0.26 0.051 - 0.132 
Lactate (mM) 2419 -0.0007 ±0.102 -0.16 – 0.16 0.100 - 0.648 
NEFA (mM) 2339 -0.0001 ±0.014 -0.020 – 0.024 0.090 - 0.061 
Glucose 
Glucose (mM) 453 -0.002 ±0.347 -0.55 – 0.71 0.108 0.971 0.391 
Insulin (pM) 413 -0.101 ±6.45 -10.2 – 11.9 0.066 0.985 0.104 
Insulin 
Glucose (mM) 751 0.004 ±0.119 -0.17 – 0.20 0.083 0.930 0.987 
NEFA (mM) 344 -0.0001 ±0.008 -0.014 – 0.013 0.100 0.955 0.289 
4.4 Discussion 
The residual errors between actual plasma concentrations and estimated concentrations 
following an adrenaline, glucose or insulin challenge were normally distributed and 
homoskedastic, supporting our initial hypothesis. This indicates that the shape of the 
response curve depicted by the exponential function is accurate over time for each level 
of hormone or glucose challenge. Therefore we can conclude that the estimated values 
for area under curve, maximum or minimum plasma concentration, plus time to 
maximum or minimum plasma concentration, were accurately depicted by the 
exponential function.  
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The exponential function accurately smoothes the variance between plasma 
measurements due to sampling error or procedural error during metabolite analysis, plus 
it was tolerant to basal concentration offsets. The exponential function can also find the 
most likely maximum or minimum response and time taken to reach the maximum or 
minimum concentration following the challenge. The function was also easy to fit in 
SAS PROC NONLIN and was quick to compute the solution, however the starting 
parameter values of the function needed to provide a crude, approximation of fit, 
otherwise a solution would not converge. Thus, the derived exponential function is very 
useful for modelling the substrate response of animals during a hormone or glucose 
challenge and delivering accurate measures of area under curve, maximum or minimum 
response and time to reach that response. 
4.4.1 Possible applications for model 
The exponential function (Equation 4-1) can be used on any parameter which is 
controlled by homeostatic regulation as it has the capability to explain all aspects of a 
response to a stimulus that reverts back to an equilibrium or basal level. It could be used 
for numerous applications when evaluating responses of temperature, heart rate, plasma 
metabolites like glucose, lactate, NEFA, cortisol, insulin, and numerous other hormones 
and substrates which are subjected to an external stimulus. Given sufficient data and 
adequate sampling frequency, the four exponential components explain the rate of 
increase and decrease, the size of the response, the time to reach maximum or minimum 
response, the adjustment from basal once homeostatic regulation is complete and the 
return to normal basal levels.  
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Its functionality is very robust and the modelled responses have extremely high 
correlations with the actual responses. The 4 substrates that were measured, glucose, 
lactate, NEFA and insulin are present in plasma at vastly different concentrations and 
the responses of individual animals due to differing levels of adrenaline, glucose and 
insulin challenges were large and varied. However the function was robust across all 
scenarios. Hence, Equation 4-1 was utilised in chapters 5 and 6 to evaluate the effects of 
muscling phenotype on metabolites following different levels of adrenaline challenges 
plus could be used in many other disciplines to accurately evaluate change over time 
due to external challenges.  
4.5 Conclusion 
The residual errors between actual plasma concentrations and estimated concentrations 
were accurately predicted by the exponential function following an adrenaline, glucose 
or insulin challenge. The residuals of the function were normally distributed and 
homoskedastic at all time points.  The exponential function accurately estimated values 
for area under curve, maximum or minimum plasma concentration, plus time to 
maximum or minimum plasma concentration. The function can be easily adopted for 
used to model any parameter which responds to a stimulus and reverts back to an 
equilibrium or basal level due to homeostatic regulation.   
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Chapter 5. Whole body insulin responsiveness is 
higher in beef steers selected for increased muscling 
5.1 Introduction 
Retail beef yield is a key profit driver of the beef industry, and is improved by selecting 
cattle for increased muscling.  Producers can select for muscling by using breed specific 
estimated breeding values for eye muscle area (EMA), retail beef yield (RBY) and 
growth; subjective muscle scoring techniques (Elliot et al., 1987); cross breeding; and 
molecular genetic technologies, which identify non-functional myostatin genes 
(O'Rourke et al., 2009). Cattle selected for greater muscling have less subcutaneous fat 
(Perry et al., 1993b) and are higher yielding (O'Rourke et al., 2009).  
Differences in quantity of muscle and adipose tissue in bovine animals selected for 
muscling are the direct result of an alteration in tissue metabolism. Tissue growth and 
deposition is the product of nutrient uptake by the cell and the balance between anabolic 
and catabolic processes that regulate accretion within cells (Etherton, 1982). Thus 
animals which have more muscle and less adipose tissue may have an altered whole 
body response to homeostatic signals from the key regulatory anabolic hormone, 
insulin.  
Insulin is the primary hormone responsible for uptake and storage of glucose by insulin 
responsive tissues in the post-prandial period. Muscle and adipose tissue are the main 
insulin responsive tissues in ruminants (Weekes, 1991), but muscle accounts for over 
80% of the insulin-dependent uptake of glucose (Kraegen et al., 1985). Therefore a 
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greater proportion of muscle to adipose tissue will increase the uptake of glucose per 
kilogram live weight in response to stimulation by insulin (Prior and Smith 1982). This 
has been demonstrated in sheep that have less fat and proportionally more muscle as a 
result of either lower nutrition or selection for glucose clearance rate (Bergman et al. 
1989; Francis and Bickerstaffe 1996). Therefore cattle selected for increased muscling, 
which have a higher ratio of muscle to fat (O'Rourke et al., 2009), might have greater 
whole body responsiveness to insulin.  
This study tested the hypotheses that high muscled, leaner cattle will be more 
responsive to insulin as shown by greater glucose uptake in response to insulin, and 
more rapid glucose clearance following an intravenous glucose-tolerance test. 
5.2 Methods and Materials 
In this experiment we measured the uptake of glucose in response to infusion of insulin 
in 24 Angus steers of known muscle genotype.  Measurements on glucose clearance and 
endogenous insulin secretion were also taken following an intravenous glucose-
tolerance test. 
5.2.1 Animals 
This experiment was conducted using 24 Angus steers which were selected from the 
New South Wales Department of Primary Industries Angus herd, which had been 
diverged for high and low muscling since 1990 (McKiernan, 2001). They were diverged 
using a subjective live animal muscle score based on the thickness and convexity of the 
body relative to the skeletal size of the animal, adjusted for subcutaneous fat (Elliot et 
al., 1987; McKiernan, 1990). A 15 point scale was used, from A+ to E-, where score A 
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animals are heavily muscled European type breeds and E score cattle are poorly 
muscled or dairy type. For ease of statistical analysis these scores equate to a score of 
15 to 1. From this herd, 10 low muscled (Low), 11 high muscled (High) and 3 high 
muscled steers which were heterozygous for a myostatin mutation (High
Het
) were 
selected. These steers were born over a 60 day period. The High
Het 
cattle were selected 
based on the results of the genotyping of the high muscled herd as described by 
O‟Rourke et al. (2009). Animals with one copy of the myostatin 821 del11 allele were 
classified as being heterozygous for muscular hypertrophy (O'Rourke et al., 2009). The 
24 steers were assessed for visual muscle score by the same assessor at weaning (~8 
months of age), at ~18 months of age and prior to harvest at ~2 years old. The visual 
muscle scores of the High and High
Het
 muscling genotypes were 10.06 and 10.33 which 
equated to a B- on the 15 point scale of E- to A+ (McKiernan 1990). These scores were 
5.54 ± 0.53 and 5.81 ± 0.79 higher than the Low muscled genotype, which had an 
average score of 4.52 or a D on the 15 point scale.  
During the experiment, the steers were fed an ad-libitum quantity of a commercially 
available cattle pellet (Milne Feeds, EasyBeef, Perth, Western Australia) and 
supplemented with low quality oaten hay as roughage. The pelleted ration contained 9 
MJ/kg dry matter of metabolisable energy and 10.6 % crude protein on a dry matter 
basis. The animals were in positive energy balance and were gaining between 0.5 and 
0.8 kg per day during the experimental period.  
Experiments were approved and monitored by the animal ethics committee at Murdoch 
University (Perth, Western Australia) with permit number: R2053/07.  
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5.2.2 Phenotype measurements and acclimation 
The animals were housed in individual 3 m
2
 pens for 2 weeks acclimation prior to the 
commencement of experimental sampling. The steers were weighed and measurements 
for EMA and subcutaneous fat depth between the 12/13th rib and on the rump site were 
taken using real-time ultrasound (3.5 MHz/180-mm linear array animal science probe, 
Esoate Pie Medical, Maastricht, Netherlands) at the start of their acclimation periods. 
The animals were fed once daily at 1600 h during acclimation and daily feed residues 
from each steer were weighed (data not shown). Rations were initially offered at 3% of 
live weight and this amount was then adjusted to reflect the actual ad-libitum feed 
intake.  Feeding regimen remained the same on sampling days, with steers having direct 
access to a limited feed quantity and water at all times to avoid gorging.  
On the day prior to insulin infusion, animals were again weighed and fitted with 2 
catheters, 1 in each external jugular vein. One catheter was a long term catheter, guide 
wire style, 14 gauge x 20 cm catheter with integrated extension tube (MILA 
International Inc., USA, Cat. No. 1410) and the other was fashioned from single lumen 
Teflon tubing with an outer diameter of 1.80 mm and an inner diameter of 1.20 mm 
(Jepson Bolton, England). The long term catheter was for blood sampling and the other 
for infusion.  Catheters were kept patent by filling with 2.5 x 10
4
 U/L of heparinised 
sterile saline (Heparin Sodium, Pharamacia Australia, Bentley, WA in NaCl 9 g/L, 
Baxter Healthcare, Old Toongabbie, NSW) when not in use.  The catheter used for 
sample collection was flushed with 12.5 g/L ethylenediamine tetra acetic acid disodium 
salt (EDTA, Product code: ED2P, Sigma-Aldrich Pty. Ltd., Castle Hill, NSW) in sterile 
saline between sample collections. 
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5.2.3 Hyperinsulinaemic, euglycaemic clamp procedure 
The hyperinsulinaemic, euglycaemic clamp (HIEG) technique, as described by 
DeFronzo et al. (1979) for use in humans and adapted for use in ruminants by Bergman 
et al. (1989), was used to determine whole body glucose use in response to insulin.  
Prior to the infusion of insulin, basal blood glucose level was determined by taking 
successive samples every 15 minutes for a total of 60 minutes starting at time 0.  An 8 
mL sample was collected using S-Monovette Vacutainer® tubes (Sarstedt Australia Pty. 
Ltd. SA Australia, Cat. No. 02.1066.001) containing EDTA to prevent clotting. The 
tubes were centrifuged and the harvested plasma frozen at -20 °C, for later laboratory 
determination of glucose.  In addition, a drop from each sample was measured 
immediately for blood glucose using portable blood glucose meters (Ascensia
TM
 
Esprit® 2, Bayer, USA).  The five glucose meter readings were used to estimate basal 
glucose; the exact value of which was later confirmed by laboratory analysis of the full 
samples taken at the same time. 
The insulin infusion commenced with a single dose of 6 mU/kg live weight of insulin 
(Actrapid®, Novo Nordisk Pharmaceuticals Pty. Ltd., Baulkham Hills, NSW) 
administered through the infusion catheter.  A continuous infusion of insulin then 
commenced at a rate of 0.6mU/kg live weight per minute using a dual channel infusion 
pump (LIFECARE® 5000 Plum™ Infusion system, Abbott Laboratories, USA). 
Glucose (50 % w/v; Baxter Healthcare, Old Toongabbie, NSW) was infused 
concurrently utilising the same infusion pump, at an initial infusion rate of around 125 
ml/h.  Every 5 minutes, 2 mL blood samples were collected and rapidly assayed using 
the portable blood glucose meter.  Depending on the blood glucose result, the infusion 
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rate of glucose was adjusted with the aim of establishing a constant level of blood 
glucose at the same level as the pre-infusion level (basal blood glucose) or euglycemia.  
Once euglycemia had been reached, the infusion rate of glucose was held constant for 
an hour and defined as the steady state glucose infusion rate (SSGIR).  Blood samples 
were collected every 15 minutes into 8 mL S-Monovette Vacutainer® tubes (Sarstedt 
Australia Pty. Ltd. SA Australia, Cat. No. 02.1066.001), with one drop used to confirm 
that euglycaemic glucose levels were being maintained and a further 8 ml centrifuged 
and the harvested plasma frozen at -20 °C for later laboratory determination of glucose. 
Once complete, the rate of insulin infusion was then increased to 6 mU/kg liveweight 
per minute and the above process repeated to establish the SSGIR of the higher insulin 
infusion rate.  Insulin infusion was then ceased and glucose infusion was continued until 
blood glucose was above the euglycaemic level and stable or rising. The SSGIR 
required by each individual steer to maintain euglycaemia indicated whole body insulin 
responsiveness. 
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Plate 2: The dual channel infusion pump used to concurrently infuse a constant rate of insulin 
(small bag on left) and an adjustable rate of glucose (large bag on right) into one indwelling 
jugular catheter whilst blood was collected from the other catheter.  
5.2.4 Glucose-tolerance test 
The intravenous glucose-tolerance test was performed in conjunction with 7 adrenaline 
challenges (Chapter 6) in a randomized design over 4 days (2 challenges assigned per 
animal per day at 0900hrs and 1400hrs) following the completion of the insulin infusion 
challenges. The glucose (50% Glucose (vv) Baxter Healthcare, Australia) challenge was 
administered at 200 mg/kg live weight through the infusion catheter. Blood samples 
were collected at -30, -15, -10, -5, 0, 2.5, 5, 10, 15, 20, 30, 45, 60, 120, 125, and 130 
minutes relative to the intravenous glucose-tolerance test into 8 mL S-Monovette 
Vacutainer® tubes (Sarstedt Australia Pty. Ltd. SA Australia, Cat. No. 02.1066.001) 
containing EDTA. The blood tubes were centrifuged and the harvested plasma frozen at 
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-20°C for later laboratory determination of glucose and at -80°C for determination of 
plasma insulin.   
5.2.5 Plasma analysis 
Plasma glucose concentrations were measured on HIEG clamp samples collected prior 
to glucose infusion and those collected while maintaining blood glucose at basal level 
when insulin was infused at both 0.6 and 6.0 mU/kg liveweight per minute. Plasma 
glucose was also determined on the 16 samples taken between -30 & 130 minutes 
relative to the administration of an intravenous glucose-tolerance test.  Concentrations 
of glucose in plasma were measured using enzymatic methods for glucose (Kunst et al., 
1984) automated within the Dupont Dimension® XL Clinical Chemistry System Auto-
analyser (Dade Behring Diagnostics, QLD). Plasma samples were analysed in a 
randomized order and variation between sample lots was monitored by using an internal 
plasma and glucose standard.   
Plasma insulin concentrations were also determined on the 16 plasma samples taken 
between -30 & 130 minutes relative to administration of the 200 mg/kg live weight 
intravenous glucose-tolerance test. Insulin was measured in duplicate by double-
antibody radioimmunoassay method of Hales and Randle (1963) as modified by Bassett 
and Wallace (1966) and described in detail by Tindal et al. (1978). The 
radioimmunoassay used a highly purified crystalline ovine insulin (Sigma, Australia) 
standard and an insulin antiserum (GP2, 21/07/80), which was kindly donated by Dr. 
Peter Wynn (CSIRO Division of Animal Production, NSW, Australia).    
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Plasma insulin-like growth factor-1 (IGF-1) was also measured in 2 basal plasma 
samples before the HIEG clamp (taken 30 minutes apart) and in 2 basal plasma samples 
from the glucose-tolerance test (taken 30 minutes apart). Feeding time and time of day 
was kept constant at time of sampling for IGF-1 determination across all animals. 
Plasma IGF-1 was assayed in duplicate by double-antibody radioimmunoassay with 
human recombinant IGF-1 (ARM4050, Amersham-Pharmacia Biotech, 
Buckinghamshire, England) and antihuman IGF-1 antiserum (AFP4892898, National 
Hormone and Pituitary Program of the National Institute of Diabetes and Digestive and 
Kidney Diseases, California, USA) following acid–ethanol extraction and 
cryoprecipitation (Breier et al., 1991). All samples were processed in a single assay with 
a limit of detection of 0.04 ng/ml and intra-assay coefficients of variation of 3.5% at 
13.2 ng/ml and 3.6% at 80 ng/ml.  
5.2.6 Slaughter Data 
Around 3 months post study the animals were slaughtered at a commercial abattoir. At 
slaughter, hot standard carcass weight (HSCW) and rump fat depth measurements were 
recorded. The carcasses were then chilled for 20 hours, at which time they were 
quartered at the 10
th
/11
th
 rib, and chiller measurements made as detailed by Perry et al. 
(2001). 
5.2.7 Modeling of response curves 
Basal concentrations of glucose and insulin were calculated as the mean of samples 
collected at -30, -15, -10, -5 and 0 minutes relative to the intravenous glucose injection. 
The concentrations of each substrate following intravenous glucose injection was then 
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modeled against time for each animal using a derived function with multiple 
exponential components as described below: 
yt = A,          when t≤0 
yt = A –[ /( - )](e
- t
 –e- t) + [ /( + - )](e-( + )t –e- t) + (1– e- t)  when t>0 
Where: 
y(t) = plasma substrate concentration at t minutes. The challenge is administered at t=0. 
A = basal metabolite concentration  
γ,α,Δ = stimulus parameters 
β = homeostatic regulation parameter 
θ = adjustment to basal metabolite concentration, after the administration of the 
challenge 
 
This function was used to determine the maximum insulin concentration, the time taken 
to reach the maximum insulin concentration and the area under the response curve 
between 0 and 20 minutes (AUC20) for insulin, relative to administration of the 
intravenous glucose. The function was also used to model plasma glucose concentration 
following the intravenous glucose challenge, with glucose area under curve between 0 
and 60 minutes (AUC60) reflecting glucose clearance rate.  
5.2.8 Statistical analysis 
SSGIR was analysed using a linear mixed effects models (SAS, 2001), to examine the 
effect of muscling genotype, and insulin infusion rate. Basal glucose level, live weight, 
eye muscle area and rump fat depth were covariates in the model, and animal within sire 
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was the random term. Non-significant terms (P>0.05) were sequentially deleted from 
the models.  
Linear mixed effects models (SAS, 2001) were used to examine the effect of muscling 
genotype, rump fat depth, live weight and eye muscle area (EMA), and interactions 
between these terms, on parameters of plasma glucose and insulin response for the 
glucose-tolerance test. Sire was used as a random term. Basal substrate concentration 
prior to challenge was included in all analyses as a covariate (except where it was the 
dependant variable). Non-significant terms (P> 0.05) were sequentially deleted from the 
models. 
Mean plasma IGF-1 concentration was analysed using a linear mixed effects model 
(SAS, 2001) with muscling genotype used as a fixed effect and animal within sire used 
as a random term. Live weight, HSCW, rump fat and rib fat measurements were also 
analysed using a linear mixed effects model (SAS, 2001) with muscling genotype used 
as a fixed effect and sire used as a random term.   
5.3 Results 
5.3.1 Effect of selection for muscling on animal phenotype 
Animals for this experiment were progeny from a herd selected for high and low 
muscling using a visual muscle scoring system. At the time of challenge, the High 
genotype steers were 41.1 ± 19.8 kg heavier than the High
Het 
steers (P<0.05) but the 
Low muscled steers differed from neither group (Table 5-1). At slaughter (around 3 
months post HIEG clamp), the High muscling genotype steers were larger than the Low 
muscling genotype steers both in terms of HSCW (P<0.05; 35.0 ± 16.75 kg heavier), 
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and EMA (P<0.05; 10.0 ± 4.25 cm
2
 larger). This difference in EMA was still present 
even after correcting to the same HSCW. The High
Het
 steers did not differ from either 
group for both measurements. 
At the time of challenge, subcutaneous fat measurements (Table 5.1) showed that the 
Low muscling genotype steers had 0.84 ± 0.39 and 1.68 ± 0.99 mm more rib fat and 
rump fat than the High
Het
 steers (P<0.05), with the High muscling genotype animals 
differing from neither of these groups. At slaughter, a similar trend was seen (Table 5.1) 
with the Low muscling genotype steers having 5.5 ±1.56 and 5.9 ±2.1 mm more 
subcutaneous fat at the rump site compared to the High and High
Het
  steers (P<0.01).  
Table 5-1: Mean live weights and fat measurements at time of insulin challenge and carcass 
weight (HSCW), eye muscle area (EMA) and P8 fat measurements at slaughter for low, high 
and high myostatin heterozygote (High
Het
) muscling genotype Angus steers. Values are least 
square means ± s.e.    
 Muscling Genotype 
 Low  High  High
Het
 
Number of cattle 10 11 3 
Challenge live weight (kg) 499
ab
 ± 29  507
a 
± 22 466
b
 ± 23 
Challenge rib fat (mm) 8.6
a
 ± 0.24 8.1
ab
 ± 0.2 7.8
b
 ± 0.3 
Challenge P8 fat (mm) 10.6
a
 ± 0.7 9.5
ab
  ± 0.6 9.0
b
 ± 0.7 
HSCW (kg) 301
a
 ± 12.1 336
b
 ± 11.6 300
 ab
 ±17.6
 
Slaughter EMA (cm
2
) 62.5
a
 ± 3.1 72.5
b
 ± 2.9 67
ab
 ± 5.6 
Slaughter P8 fat (mm) 17.4
b
 ± 1.1 11.7
a
 ± 1.1 12.0
a
 ± 2 
Mean values followed by
 a,b
 differ at P<0.05  
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5.3.2 Effect of muscling genotype and live weight on SSGIR during 
HIEG clamp  
The responsiveness to insulin, during the HIEG clamp, was measured by the SSGIR 
required to maintain euglycaemia. At the low insulin infusion rate of 0.6 mU/kg/min, 
the SSGIR was 73% higher for the High muscling genotype animals when compared to 
the Low (P<0.05; Figure 5-1). At the high insulin infusion rate of 6.0 mU/kg/min 
(which required a SSGIR more than double that of the low insulin infusion rate to 
maintain euglycaemia) the differences between genotypes were proportionately less, 
with the High and the High
Het
 genotypes having only 27% and 34% higher SSGIR 
(P<0.05) than the Low muscled genotype (Figure 5-1). 
 
 
Figure 5-1: The effect of muscling genotype on steady state glucose infusion rate (SSGIR; 50% 
glucose solution) at insulin infusion rates (IIR) of 0.6 and 6.0 mU/kg.min. Values are means ± 
s.e. 
There was also a positive relationship (Figure 5-2) between live weight and SSGIR 
(P<0.05), evident at both the high and low levels of insulin infusion. An increase of 
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200kg liveweight increased the SSGIR required to maintain euglycaemia by 71% at the 
low and 45% at the high insulin infusion rates. The inclusion of live weight in the model 
did not change the effects of muscling genotypes on SSGIR. Furthermore, there was no 
effect of basal glucose concentration, rump fat depth or EMA on SSGIR.  
  
 
Figure 5-2: The effect of live weight on steady state glucose infusion rate (SSGIR; 50% glucose 
solution) with predicted means ± se at insulin infusion rates of 0.6 (grey line, open circles) and 
6.0 mU/kg.min (black line, closed circles) across all muscling genotype 
5.3.3 Effect of muscling genotype on IGF-1 
Muscling genotype had an effect on plasma IGF-1 concentration. The High muscled 
cattle had 33.2 ± 1.8 ng/ml IGF-1 which was 30.4% or 7.74 ± 2.7 ng/ml higher than the 
Low muscled genotype (P<0.01). The High muscle cattle also had 35.4% or 8.67 ± 3.9 
ng/ml higher IGF-1 concentrations than the High
Het
 genotype steers (P<0.05).   
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5.3.4 Glucose-tolerance test and insulin response 
There was no difference between the three muscling genotypes for glucose AUC60 
(Table 5-2). Muscling genotypes had no effect on peak insulin concentration, insulin 
AUC in the 20 minutes following glucose infusion or time to reach peak insulin 
concentration following a single intravenous glucose-tolerance test (Table 5-2). Basal 
glucose and insulin concentrations of the three muscling genotype groups also did not 
differ (Table 5-2). There was no effect of live weight, eye muscle area, rump or rib 
fatness on these variables.   
Table 5-2: Predicted means (± s.e.) of glucose area under curve (AUC60), peak insulin 
concentration, insulin area under curve (AUC20) and time to peak response following an 
intravenous glucose-tolerance test (50% Glucose; 200mg/kg liveweight) and basal blood 
glucose and insulin measurements ± standard error for low, high and high myostatin 
heterozygote (High
Het
) muscling genotype Angus steers    
 Muscling Genotype 
 Low  High  High
Het
 
Number of cattle 10 11 3 
Glucose AUC (mM/60min) 421 ± 41.4 414 ± 36.5 359 ± 58.4 
Peak insulin conc. (µM/ml) 70.1 ± 8.8 79.04
 
± 8.8 77.9
 
± 16 
Insulin AUC (µM/ml/20min) 764 ± 108 848 ± 108 906 ± 196 
Time to peak insulin conc. (min) 16.7 ± 2.45 17.4 ± 2.3 15.15 ± 4.03 
Basal glucose (mM) 4.55 ± 0.09 4.48 ± 0.08 4.72 ± 0.15 
Basal insulin (µM/ml) 15.9 ± 1.42 14.5 ± 1.42 14.7 ± 2.59 
There was a positive relationship between basal insulin concentration and peak insulin 
concentration (P=0.061) following an intravenous glucose-tolerance test (Figure 5-3). 
Across this range a 15mM increase in basal insulin concentration was associated with a 
50 mM increase in peak insulin response. There was no relationship between peak 
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insulin concentration and glucose clearance (glucose AUC60) following an intravenous 
glucose tolerance test when peak insulin concentration was included in the model as a 
covariate (P>0.05), and this did not change irrespective of whether the model was 
adjusted for rump or rib fat depths, EMA or live weight. 
 
Figure 5-3: The effect of basal insulin concentration on peak insulin concentration following an 
intravenous glucose-tolerance test (50% Glucose; 200mg/kg live weight) with predicted means 
(heavy line) ± s.e. (fine dotted lines) across all muscling genotypes.  Round symbols are raw 
data and each represents an experiment on a single animal. 
5.4 Discussion 
5.4.1 Muscling genotype effect on insulin responsiveness  
This study has shown that selection for muscling in cattle increases whole body insulin 
response, as demonstrated by the greater SSGIR required in the High and High
Het
 
genotype Angus steers to maintain euglycaemia. This supports our initial hypothesis, 
which was based upon the fact that muscle accounts for over 80% of the insulin-
dependent use of glucose (Kraegen et al., 1985). Thus animals from high muscling 
groups which have a greater proportion of muscle (O'Rourke et al., 2009), would have 
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increased uptake of glucose under insulin infusion.  The High and High
Het
 steers from 
this study actually had 1.93% and 4.7% more muscle per kilogram hind-limb weight 
than the low muscled steers as determined by computer-aided tomography scans 
(Chapter 3). As such, the insulin infused into the High and High
Het
 steers represented a 
lower infusion rate on a per kg muscle basis than for the Low steers. Yet in spite of this, 
their SSGIR was far greater, with glucose utilisation rates 32% to 73% higher than the 
Low muscled steers. The quantity of glucose utilised per kilogram of muscle (assume 
80% of SSGIR) during insulin infusion could be calculated using figures from the 
slaughter of these 24 animals as follows: (0.8 x SSGIR) / (((Live weight at challenge 
(kg) x hot standard carcass weight (kg)) / final live weight(kg)) x percentage of muscle 
in hindlimb as determined by computer aided tomography scans). This calculation 
shows that the Low, High and High
Het
 steers utilise 0.42, 0.55 and 0.71 ml/hr/kg muscle 
at the low level of insulin infusion and 1.17, 1.26 and 1.66 ml/hr/kg muscle at the high 
level of insulin infusion. Therefore, the effect of muscling genotype on insulin response 
and SSGIR is driven by factors other than simply more muscle mass, and is likely to 
reflect an alteration in cellular metabolism.  
Differences in cellular metabolism may be associated with shifts in muscle fibre type. 
High muscled cattle have a greater proportion of glycolytic type IIX myofibres (Wegner 
et al., 2000; Greenwood et al., 2006b). Hocquette et al. (1995) showed that glycolytic 
and oxido-glycolytic muscles in beef calves had higher expression of glucose 
transporter-protein (GLUT4) than in oxidative muscles, which is in contrast to research 
in rats (James et al., 1989; Henriksen et al., 1990; Goodyear et al., 1991; Marette et al., 
1992) and humans (Lillioja et al., 1987). Glucose transport is the rate-limiting step in 
insulin-stimulated glucose utilization in muscle cells across most species (Ziel et al., 
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1988; Hocquette et al., 1995; Zierler, 1999). Thus beef cattle that have been selected for 
muscling, causing increased glycolytic IIX myofibres and greater GLUT4 expression, 
will have increased muscle responsiveness to insulin.  
Another alternative explanation, for the differences in SSGIR between high and low 
muscled cattle, may be linked to differences in adipose responsiveness to insulin. 
Research in obese humans has shown that as adipose cells enlarge, their responsiveness 
to insulin decreases (Salans et al., 1968). Work in sheep has demonstrated that as they 
become fatter, fat cells enlarge and adipose vascularity decreases (Gregory et al., 1986). 
The Low muscled, fatter cattle in this study may have had larger adipose cells, thus 
glucose clearance into adipose was possibly decreased under hyper-insulinaemic 
conditions in these animals. This theory is also supported by findings of lower adipose 
responsiveness to insulin in obese heifers (McCann and Reimers, 1985) and obese sheep 
(Bergman et al., 1989).  Therefore, in our study, the effect of increased adiposity and 
decreased glucose utilisation per gram of adipose tissue may be additive in reducing the 
responsiveness to insulin of lower muscled, fatter cattle. However, the high muscled 
cattle are leaner suggesting that there may also be a catabolic mechanism controlling 
accretion of adipose in these animals (Chapter 6).   
The increase in insulin responsiveness in high muscled cattle may be responsible for 
increasing muscle synthesis in these animals. Insulin can rapidly activate protein 
synthesis by stimulating components of the translational machinery including 
eukaryotic initiation factors and eukaryotic elongation factors (Proud, 2006). These 
factors are important for initiation and the elongation phase of protein synthesis (mRNA 
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translation). Furthermore, insulin can increase cell ribosome number, which will 
increase the cells capacity to synthesise protein (Proud, 2006).  
Additionally, the elevated IGF-1 levels evidenced in the High muscled genotype cattle 
may also have had an impact. IGF-1 has been shown to stimulate protein synthesis in 
muscle cell cultures (Ballard et al., 1986; Roeder et al., 1988) and in-vivo when 
circulating amino acid concentrations are not limiting (Russell-Jones et al., 1994; 
Umpleby and Russell-Jones, 1996). Thus, when animals have adequate nutrition during 
the growth phase and amino acid substrate supply is not limiting, IGF-1 generates 
increased protein synthesis (Umpleby and Russell-Jones, 1996). As such, the impact of 
IGF-1 and insulin may both have combined to produce the greater muscularity of the 
High muscled genotype cattle. 
5.4.2 Glucose clearance and insulin secretion following a glucose-
tolerance test  
The clamp-derived insulin responsiveness differences between muscling genotypes 
would suggest that the high muscling genotype steers should have a greater rate of 
glucose clearance for an equivalent insulin input. However, muscling genotype did not 
affect glucose clearance following an intravenous glucose-tolerance test. There was also 
no difference in insulin secretion following an intravenous glucose-tolerance test. Thus 
insulin-responsiveness differences between muscling genotypes measured using the 
HIEG clamp could not be paralleled using the relatively crude glucose-tolerance method 
of analysis, possibly because the variation between genotypes and the sample size was 
too small. In support of this, the glucose tolerance test is capable of identifying large 
128 
 
variations between normal humans and humans with impaired glucose tolerance due to 
non-insulin-dependent diabetes mellitus (Nolan et al., 1994). 
Basal insulin had a positive correlation with peak insulin release following the glucose 
stimulus. Higher basal insulin levels and the associated higher peak insulin 
concentration following glucose challenge are indicators of reduced sensitivity to 
insulin in these cattle. This is further supported by the observation that the increased 
insulin release following glucose challenge did not lead to greater glucose clearance 
rates, thus these animals were dependant upon greater insulin release to achieve the 
same rate of glucose clearance. This indicates that within this herd, there is some 
evidence for loss of insulin sensitivity, but this was not associated with a muscling 
genotype effect.  
5.4.3 Effect of myostatin mutation 
Overall High and High
Het
 genotypes were relatively similar in their whole-body 
response to insulin as indicated by SSGIR. The key point to note with this genotype is 
that the presence of the myostatin mutation was not additive to the response of the High
 
muscling genotype as previously thought generating the greater degree of muscling and 
phenotypic leanness seen in these animals. This suggests that the response of the 
High
Het 
steers to insulin is not largely associated with the 821 del11 myostatin mutation.  
5.5 Conclusion 
The higher muscled animals had greater whole body insulin responsiveness under HIEG 
clamp conditions. However, there was no effect of muscling genotype on glucose 
clearance or insulin secretion following an intravenous glucose-tolerance test. The 
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increased whole body insulin responsiveness of the high muscled steers is likely to be 
driven by greater quantity of muscle combined with an increased uptake of glucose into 
muscle and adipose cells. Greater muscle responsiveness to insulin combined with 
higher IGF-1 concentrations in the High muscled steers may also initiate increased 
protein synthesis, partially explaining their greater level of muscularity in these animals.     
130 
 
Chapter 6. Beef cattle selected for increased 
muscularity have a reduced muscle response and an 
increased adipose tissue response to adrenaline 6.1 
Introduction 
Improvement in retail beef yield increases the efficiency and profitability of the beef 
industry. Producers in Australia have been successfully using a range of selection 
methods to improve retail beef yield, including BREEDPLAN estimated breeding 
values for eye muscle area and meat yield percentage, gene markers for the non-
functional myostatin gene (O'Rourke et al., 2009) and visual muscling selection 
techniques. While there is good evidence that these selection techniques have increased 
muscling, reduced fat proportions in the carcass (Perry et al., 1993b; O'Rourke et al., 
2009) and reduced slow-oxidative muscle characteristics (Sudre et al., 2005), there has 
been minimal research to show the impact of this selection on carbohydrate metabolism 
in the muscle and lipid metabolism in adipose tissue.   
Muscle fibre type proportions heavily influence muscle metabolism. Selection for 
muscling increases the amount of muscle hypertrophy and the proportion of fast-
glycolytic type IIX myofibres, while inversely reducing the proportion of type I slow-
oxidative myofibres (Wegner et al., 2000). This shift in muscle fibre type proportion 
changes the metabolic capacity of the muscle to become more glycolytic and/or less 
oxidative (Fiems et al., 1995). This was further illustrated in work by Bernard et al. 
(2009) which showed that two thirds of the genes involved in glycolysis were up-
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regulated in Charolais bulls selected for high muscle growth potential. The enzymatic 
capacity of muscle fibres is also different, with type IIX myofibres having higher 
glycogen phosphorylase activity and lower glycogen synthase and hexokinase activity 
(Briand et al., 1981; Saltin and Gollnick, 1983; Greenwood et al., 2006a). Thus cattle 
selected for muscling have increased glycolytic and glycogenolytic capacity (Fiems et 
al., 1995; Wegner et al., 2000), increasing the potential for stress (adrenaline) induced 
glycogen depletion, coupled with lower capacity for glycogen re-synthesis (Gardner et 
al., 1999).  Ultimately this could lead to reduced muscle glycogen storage as previously 
shown in double muscled cattle (Monin, 1981a and 1981b). This may be cause for 
concern given that muscle glycogen levels below 0.6mg/g at slaughter (Ferguson et al., 
2001) will result in a high ultimate pH (>5.7), and dark, firm and dry meat.  Thus 
selection for muscling is likely to increase the adrenaline responsiveness of the muscle 
tissue, leading to reduced muscle glycogen at slaughter and an increased incidence of 
dark, firm and dry meat.   
 At present, the mechanisms which control adipose deposition in high muscled beef 
cattle are poorly understood. A better understanding of these mechanisms is needed to 
ensure meat quality, namely tenderness, juiciness and flavour are not deteriorated due to 
selection for greater muscling as observed in the pork industry over recent decades 
(Wood and Warris, 1992). Selection for more muscular cattle decreases subcutaneous 
fat deposition (Perry et al., 1993b), which is possibly caused by a difference in the rate 
or quantity of adipose catabolism due to the stress hormone adrenaline. Work in obese 
humans has demonstrated a reduced response to adrenaline in adipose tissue (Jocken 
and Blaak, 2008), which reduces lipolysis and potentiates obesity. The reverse effect 
may apply in more muscular, lean animals. An alternative theory is that more muscular 
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cattle may also be leaner due to higher circulating growth hormone (GH) 
concentrations. Sejrsen et al. (1983) and Johnsson and Hart (1985) demonstrated that a 
decrease in serum GH was associated with increased body fat in grain-fed heifers, while 
protein accretion was higher in animals with increased concentrations of GH (Eisemann 
et al., 1986).  GH treatment also causes an increased lipolytic response to adrenaline in 
growing pigs and lactating cattle (McCutcheon and Bauman, 1986; Novakofski et al., 
1988; Sechen et al., 1990). Pethick and Dunshea (1996) suggest that increased 
sensitivity or responsiveness to endogenous adrenaline during GH treatment is the likely 
cause of the elevated plasma non-esterified fatty acid (NEFA) response. Thus leaner 
cattle may be more adrenaline responsive in contrast to obese humans and/or more 
muscular, leaner cattle may have higher circulating GH levels, subsequently increasing 
the adipose tissue responsiveness to endogenous adrenaline, causing greater turnover of 
adipose tissue. 
 The synthesis or mobilisation of glucose through hepatic glycogenolysis and 
gluconeogenesis and renal gluconeogenesis is an important component of the response 
to adrenaline, but we are aware of no evidence to suggest that selection for muscling or 
leanness will have any effect on these key metabolic pathways in ruminants.  However, 
due to the importance of gluconeogenesis for ruminants, the effect of selection for 
muscling on liver responsiveness to adrenaline is of interest. 
 
This study evaluated the effect of selection for muscling within Angus cattle on the 
responsiveness of the muscle, adipose tissue and liver to exogenous adrenaline by 
measuring the changes in the concentration of lactate, NEFA and glucose. We 
133 
 
hypothesise that selection for muscling will increase the response of muscle and adipose 
tissue to adrenaline, which will decrease muscle glycogen storage and adiposity. In 
addition, we hypothesise that selection for greater muscling will not alter the response 
of the liver to adrenaline.     
6.2 Materials and Methods 
In this experiment we measured the plasma concentrations of glucose, lactate and 
NEFA in response to varying levels of adrenaline challenge in 24 Angus steers of 
known muscle genotype.  Muscle samples were taken from the semimembranosus (SM), 
semitendinosus (ST) and longissimus thoracis et lumborum (LTL) to analyse muscle 
glycogen and lactate concentration. Sixteen basal plasma samples were also analysed 
for GH concentration. 
6.2.1 Animals 
Data was collected on 24 Angus steers which were selected from the New South Wales 
Department of Primary Industries Angus herd which had been diverged for high and 
low muscling since 1990 (McKiernan, 2001). They were diverged using a subjective 
live animal muscle score based on the thickness and convexity of the body relative to 
the skeletal size of the animal, adjusted for subcutaneous fat (Elliot et al., 1987; 
McKiernan, 1990). A 15 point scale was used, from A+ to E-, where A score animals 
are heavily muscled European type breeds and E score cattle are poorly muscled or 
dairy type. For ease of statistical analysis these scores equate to a score of 15 to 1. From 
this herd, 10 low muscled homozygous wild-type (Low), 11 high muscled homozygous 
wild-type (High) and 3 high muscled steers that were heterozygous for the 821 del11 
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myostatin mutation (High
Het
) were selected. These 24 steers were assessed for visual 
muscle score by the same assessor at weaning (~8 months of age), ~18 months of age 
and prior to slaughter at ~2 years old. The average muscle scores of the High and 
High
Het
 muscling genotypes were 10.06 and 10.33 which equates to a B-, while the Low
 
genotype had an average score of 4.52 or a D on a 15 point scale of E- to A+.  Perry et 
al. (1993a) showed that the correlation between assessors and linear muscle 
measurements of the same animal over time ranged from 0.9 to 0.92.  
During the experiment, the steers were fed an ad-libitum quantity of a grain based 
commercially available cattle maintenance pellet (Milne Feeds, EasyBeef Pellet, Perth, 
WA) and supplemented with low quality oaten hay as roughage. The pelleted ration 
contained 9 MJ/kg dry matter of metabolisable energy and 106 g/kg (10.6 %) crude 
protein on a dry matter basis.  
Experiments were approved and monitored by the animal ethics committee at Murdoch 
University (Perth, Australia) with Permit number: R2053/07.  
6.2.2 Muscle glycogen sampling and analysis 
Muscle glycogen and lactate concentration were analysed from muscle biopsies taken 
from the SM, ST and LTL, after 14, 90 and 150 days on the ad-libitum grain-based 
pelleted ration and at slaughter for a total of four samples from each muscle site. The 
first sample (day 14) was taken when the steers were around 18 months of age. As 
previously established (Pethick et al., 1995), the ST, SM and LTL are well suited for the 
study of glycogen metabolism as the ST consists predominantly of type IIX myofibres 
with high glycolytic potential and low rates of glycogen re-synthesis, while the SM and 
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LTL have a high proportion of type I and IIa myofibres and low susceptibility to stress-
induced glycogen depletion (Monin, 1981a; Totland and Kryvi, 1991).  
The muscle samples were taken with a purpose-built, 12 V motorised biopsy drill 
(Murdoch University, Western Australia) and a restraining crush with head bail. Hair 
was clipped from a 10 by 10 cm area around the point of incision. The position of the 
LTL sample was 10 cm from the spine between the 12
th
 and 13
th
 ribs and the SM and 
ST samples were taken from a site located between 20 and 25 cm below the anus where 
the SM and ST muscles boarder each other so both muscles can be accessed through the 
same incision.  Clipping was followed by sterilisation using Betadine surgical scrub and 
wiping with gauze soaked in 70% ethanol solution. Local anaesthetic (5 mL lignocaine) 
was infiltrated under the skin and then a single 1cm „stab‟ incision was made through 
the skin. The biopsy needle (approximately 5cm long with 3mm inner diameter), 
attached to the drill (approximately 3700 revolutions per minute producing minimal 
noise), was then passed into the appropriate muscle with a simultaneous vacuum applied 
to hold the muscle sample (approximately 250 mg) in the needle. Following biopsy, the 
wound was washed with Betadine solution and Chloromide surface disinfectant applied 
around the incision.  
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Plate 3: The purpose-built, 12 V motorised biopsy drill used to collect muscle samples from the 
live animal. In this picture a biopsy is taken from the longissimus thoracis et lumborum 
Muscle samples were rapidly placed into liquid nitrogen after „blotting‟ away blood and 
removal of visible fat. Muscle samples were stored at –80°C until analysed. Muscle 
biopsy samples were taken from alternate sides of the animals. Glycogen concentrations 
in each muscle sample were measured using the enzymatic method of Chan and Exton 
(1976) modified by removing the filter paper step. Glycogen concentration represented 
the sum of glycogen and lactate plus free glucose and does not account for glucose-6-
phosphate or glucose-1-phosphate. 
6.2.3 Sampling and acclimation for adrenaline challenges 
Following the biopsy at day 14, all 24 Angus steers were weighed and real-time 
ultrasound measurements (3.5 MHz/180-mm linear array animal science probe, Esoate 
Pie Medical, Maastricht, Netherlands) for eye muscle area (EMA) and subcutaneous fat 
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depth between the 12/13th rib, as well as subcutaneous fat depth at the P8 rump site 
were taken. The animals were then acclimated to individual 3m
2
 pens for 2 weeks prior 
to commencement of the adrenaline challenges. The animals need an acclimation period 
as this method of measuring responsiveness to adrenaline is suitable only if animals do 
not release endogenous adrenaline during the sampling period due to human interaction. 
The animals were fed once daily at 1600h during acclimation and daily feed residuals 
weighed. The steers were given approximately 3% of their live weight in feed initially 
and this amount was then adjusted during acclimation on a per animal basis. The 
feeding regime remained the same on sampling days, with steers having direct access to 
feed and water at all times. 
6.2.4 Adrenaline challenges 
On the day prior to the commencement of challenges, animals were weighed and fitted 
with two catheters, one in each external jugular vein. One catheter was a 14 gauge x 20 
cm catheter with integrated extension tube (MILA International Inc., USA, Cat. No. 
1410) and the other was fashioned from single lumen Teflon tubing with an outer 
diameter of 1.80 mm and an inner diameter of 1.20 mm (Jepson Bolton, England). The 
14 gauge catheter was used for blood sampling and the other for infusion of the 
exogenous adrenaline. On sampling days, the catheters were kept patent by filling with 
12.5 g/L EDTA (Product code: ED2P, Sigma-Aldrich Pty. Ltd., Castle Hill, NSW) in 
sterile saline between sample collections. Overnight, catheters were filled with 2.5 x 10
4
 
U/L of heparinised sterile saline (Heparin Sodium, Pharamacia Australia, Bentley, WA 
in NaCl 9g/L, Baxter Healthcare, Old Toongabbie, NSW).  
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The steers were administered seven different adrenaline challenges and one glucose 
challenge over a 4 day period. The glucose challenge was part of a separate study and 
the results will be reported elsewhere.   
 
Plate 4: The apparatus used to administer the adrenaline challenges and collect blood. On the 
bottom left is the jugular catheter fashioned from single lumen Teflon tubing, connected to a 3 
way tap, a syringe and a S-Monovette Vacutainer® tube which collects the blood 
Adrenaline causes the rapid mobilisation of energy stores. This mobilisation results in 
the release of glucose, lactate, and non-esterified fatty acids (NEFA) from liver, muscle, 
and adipose tissue (Leenanuruksa and McDowell, 1985). Therefore to test the 
responsiveness and/or sensitivity of these tissues, plasma substrate concentrations can 
be measured following the administration of exogenous adrenaline. The 7 challenges 
were assigned in a randomised design with two challenges per day (morning 1000h or 
afternoon 1400h) per steer. The rates of the adrenaline (Adrenaline Injection BP, 
AstraZeneca Pty Ltd., NSW, Australia, Cat. No. 03025) challenges were 0.2, 0.4, 0.6, 
1.0, 1.6, 2.2 and 3.0 ug/kg live weight which are representative of the physiological 
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range of plasma adrenaline. Blood samples (5ml) were taken from the catheter at -30, -
15, -10, -5, 0, 2.5, 5, 10, 15, 20, 30, 45, 60, 120, 125, and 130 minutes relative to the 
administration of the challenge. Whole blood was collected using S-Monovette 
Vacutainer® tubes (Sarstedt Australia Pty. Ltd. SA Australia, Cat. No. 02.1066.001) 
containing EDTA to prevent clotting. Immediately after collection, the blood filled 
tubes were stored on ice to minimize further metabolic activity of red blood cells 
converting glucose to lactate. Within 20 minutes of collection, the samples were 
centrifuged at 3500 rpm for 15 minutes at 5
o
C and the plasma decanted into 2 separate 
labeled storage tubes. One tube was stored at -20
o
C for glucose and lactate analysis and 
the other tube was stored at -80
o
C for NEFA analysis. 
A separate aliquot of plasma from the -30 and 0 time points from each challenge were 
also stored at -80
o
C for GH analysis. Additional blood samples were collected on each 
day biopsy samples were taken for GH analysis, with samples processed and stored in 
the same manner as described above.  
6.2.5 Plasma analysis 
Laboratory determination of blood plasma was carried out in duplicate using enzymatic 
methods for glucose (Kunst et al., 1984) and lactate (Marbach and Weil, 1967) 
automated within the Dupont Dimension® XL Clinical Chemistry system Auto-
analyser (Dade Behring Diagnostics, QLD, Australia) measured at 340nm. The NEFA 
concentration was measured in duplicate using a Wako NEFA C Kit (Wako Pure 
Chemical Ind., Osaka, Japan) modified for use as a plate assay. This kit used an 
enzymatic method based on the protocol of Itaya and Ui (1965) and Duncombe (1964). 
The modification of the assay involved reduction in the volume of samples and reagents 
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to allow for analysis using 96 flat well Microtest Plates (Sarstedt Australia Pty. Ltd., 
SA, Australia, Cat. No. 82.9923.148). These plates were measured using a Microplate 
spectrophotometer (Expert 96 Art.Nr. G018065 B.E.S.T. Lab Instrumentation, ASYS, 
Hitech GmbH, Austria). See plate 1 for an example.  
Sixteen basal plasma samples from each of the 24 steers were also analysed for GH. 
These plasma samples were collected during the basal period of each challenge and at 
muscle biopsy sampling. Plasma concentrations of GH were assayed in a homologous 
double-antibody radioimmunoassay (Downing et al., 1995 ) which was adjusted by 
Boukhliq et al. (1997) as follows. The standard (NIDDK-oGH-I-5) and antiserum 
(NIDDK-oGH-2) were provided by NIDDKD, Baltimore, MD, USA. 
125
I-labelled GH 
was prepared by the chloramine-T method. For the assay, duplicate 100 µL subsamples 
of plasma or standard were incubated with 300 µL 0.05 M phosphate buffer and 50 µL 
antiserum (1: 30 000 in 0.05 M phosphate buffer plus Bovine Serum Albumin + 1: 600 
normal rabbit serum) at 4°C overnight, and the next day 50 µL 
125
I-oGH (15 000 cpm) 
was added. Incubation was continued for 48 h, after which donkey anti-rabbit serum 
(100 µL diluted 1 : 10 in 0.05 M phosphate buffer) was added. After incubation 
overnight, the tubes were centrifuged (1500rpm, 30 min, 4°C) and the supernatant was 
aspirated. Accuracy of the assay was checked by adding known concentrations of oGH 
to serum from a wether to provide concentrations ranging from 1 to 62 ng per tube. The 
limit of detection was 0.48 ng mL−1. All samples were assayed in a single assay, and 
pooled plasma samples containing 1.48, 2. 89 or 4.92 ng mL
−1
 were included in the 
assay to estimate the within-assay coefficients of variation (4.9%, 4.1% and 3.1% 
respectively). 
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6.2.6 Modeling of response curves 
Basal concentrations of glucose, lactate and NEFA were calculated as the mean of 
samples collected at -30, -15, -10, -5 and 0 minutes relative to the adrenaline challenge. 
The concentrations of each substrate were then plotted against time for each challenge 
administered to each animal and a derived function with multiple exponential 
components was fitted to the raw data (Figure 6-1). This showed a classic increase and 
then tapering off in response which was modeled using the following function: 
yt = A,          when t≤0 
yt = A –[ /( - )](e
- t
 –e- t) + [ /( + - )](e-( + )t –e- t) + (1– e- t)  when t>0 
Where: 
y(t) = plasma substrate concentration at t minutes. The challenge is administered at t=0. 
A = basal metabolite concentration  
γ,α,Δ = stimulus parameters 
β = homeostatic regulation parameter 
θ = adjustment to basal metabolite concentration, after the administration of the 
challenge 
 
The function was used to determine the time to maximum substrate concentration 
(results not shown), the maximum substrate concentration (results not shown) and the 
area under the response curve between 0 and 10 minutes (AUC10) for NEFA and 0 and 
20 minutes (AUC20) for glucose and lactate, relative to administration of the adrenaline 
challenge. These cut-offs of 10 and 20 minutes for area under response curve were 
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chosen because they best reflected the time to maximum concentration of the three 
substrates studied. The magnitude of the response up to approximately the time of 
maximum concentration was analysed as this change in plasma concentration is the 
result of substrate release in response to exogenous adrenaline. Incorporating times later 
than when the substrate concentrations reached a maximum will also depict differences 
in homeostatic regulation rather than the direct effect of adrenaline stimulation. 
Figure 6-1: An example of the actual lactate concentration and fitted lactate response curve over 
time following administration of 3.0 µg/kg liveweight of adrenaline at time 0. 
6.2.6 Statistical analysis 
The results for basal substrate concentration,  AUC 10 and 20 minutes for NEFA, 
glucose and lactate were analysed using a linear mixed effects model (SAS, 2001). 
Muscling genotype was used as a fixed effect while P8 fat depth at the time of the 
challenge, live weight at the time of the challenge, EMA and interactions between these 
terms were included as covariates in the model. Animal within sire was used as random 
term. Basal substrate concentration prior to challenge was included in all analyses as a 
covariate (except where it was the dependant variable). Non-significant terms (P> 0.05) 
were sequentially deleted from the models.  
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Muscle glycogen and lactate concentrations were analysed using a linear mixed effects 
model (SAS, 2001), with muscling genotype, sampling time and muscle as fixed effects 
and animal within sire as the random term. 
Plasma samples were taken at 16 time points to allow analysis of mean GH 
concentration. Due to samples being collected at non-continuous time points, the 
volume and length of GH pulses were not assessed. Mean plasma GH concentration was 
analysed using a linear mixed effects model (SAS, 2001) with muscling genotype used 
as a fixed effect and animal within sire used as a random term. Live weight, HSCW, 
EMA, rump fat and rib fat measurements were also analysed using a linear mixed 
effects model (SAS, 2001) with muscling genotype used as a fixed effect and sire used 
as a random term. HSCW was also used as a covariate when analyzing EMA. 
6.3 Results 
6.3.1 Animal phenotype measurements 
Liveweights at the time of challenge were similar between the Low and High steers, but 
the High
Het
 steers were about 8% lighter (P<0.05) than the High steers (Table 6-1). The 
High steers had about 16% larger EMA than the Low genotype steers (P<0.05), with the 
High
Het
 steers differing from neither of these groups. 
Subcutaneous fat measurements at the time of challenge (Table 6-1) showed that the 
Low steers had 10.8% more rib fat (P<0.05) and 18.6% more P8 fat (P<0.05) than the 
High
Het
 steers (Table 6-1). The High genotype animals differed from neither of these 
groups for both subcutaneous fat measurements. Final measurements at slaughter (Table 
6-1) showed that the low muscling genotype steers had about 45% more subcutaneous 
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fat at the P8 site compared to both the High and High
Het 
 steers (P<0.01). Conversely, 
there was no difference in rib fat (Table 6-1). 
Table 6-1: Live weights and fat measurements at the time of adrenaline challenge and eye 
muscle area (EMA), and fat measurements at slaughter for low, high and high heterozygote 
myostatin (HighHet) muscling genotype Angus steers. Values are least square means ± s.e.    
 Muscling Genotype 
 Low
 
High
 
High
Het 
Number of cattle 10 11 3 
Challenge live weight (kg) 499
ab
 ± 29 507
a
 ± 22 466
b
 ± 23 
Challenge rib fat (mm) 8.6
a
  ± 0.24 8.1
ab
  ± 0.2 7.8
b
  ± 0.3 
Challenge P8 fat (mm) 10.6
a
  ± 0.7 9.5
ab
   ± 0.6 9.0
b
  ± 0.7 
Slaughter EMA (cm
2
) 62.5
b
  ± 3.1 72.5
a
  ± 2.9 67
ab
  ± 5.6 
Slaughter Rib Fat (mm) 21.8  ±2.2 15.6  ± 2.0 19.7  ± 3.5 
Slaughter P8 Fat (mm) 17.4
b
  ± 1.1 11.7
a
  ± 1.1 12.0
a
  ± 2 
a,b 
Values within rows with different superscripts are different (P<0.05) 
6.3.2 Basal metabolite concentrations 
There was a significant effect of muscling genotype on basal lactate and NEFA 
concentration (Table 6-2). The High
 
and High
Het
 genotypes  had on average 14% less 
basal lactate (P<0.1) and on average 40% more basal NEFA (P<0.1) than the Low 
genotype steers. There was no significant effect of muscling genotype on basal glucose 
concentration (Table 6-2). There was no effect of live weight, EMA or P8 fatness on 
basal concentrations.  
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Table 6-2: Least square means (± s.e.) for basal plasma lactate, non-esterified fatty acids 
(NEFA) and glucose concentration (mM) in Angus steers of low, high and high heterozygous 
myostatin (High
Het)
 muscling genotypes. 
 Muscling Genotype 
 Low
 
High
 
High
Het 
Number of cattle 10 11 3 
Basal Lactate (mM) 0.41±0.029
a
 0.36±0.028
b
 0.36±0.054
b
 
Basal NEFA (mM) 0.032±0.008
a
 0.045±0.007
b
 0.044±0.014
b
 
Basal Glucose (mM) 4.55±0.09 4.48±0.08 4.72±0.15 
a,b 
Values within a column with a different superscript are different (P<0.10) 
6.3.3 Lactate response to adrenaline 
As adrenaline challenge increased, the plasma lactate AUC20 increased by more than 4-
fold across the range of adrenaline challenges administered (P<0.001, Table 6-3). The 
High and High
Het
 genotypes reached a plateau in AUC20 above 2.0ug/kg live weight 
adrenaline. In contrast the Low steers lactate AUC20 increased linearly up to the highest 
level of adrenaline challenge (Figure 6-2), such that their lactate AUC20 was more than 
30% higher than the High and High
Het
 muscling genotypes (P<0.05, Figure 6-2) at the 
highest adrenaline dose (3 µg/kg liveweight). There were no effects of basal lactate, live 
weight, P8 fat depth or EMA on lactate AUC20.  
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Table 6-3: F values for the effect of muscling genotype & adrenaline challenge plus significant 
interactions on lactate area under curve for 20 minutes post adrenaline challenge (AUC20) and 
non-esterified fatty acid (NEFA) area under curve for 10 minutes post adrenaline challenge 
(AUC10) 
 Lactate AUC20 NEFA AUC10 
Effect NDF, DDF F-value NDF, 
DDF 
F-
value 
Muscling genotype 2,137 0.43 2,137 3.44* 
Adrenaline challenge 1,137 65.61*** 1,137 9.04** 
Adrenaline challenge
2
 1,137 19.58*** 1,137 4.06* 
Adrenaline challenge x Muscling genotype 2, 137 1.37 - - 
Adrenaline challenge
2
 x Muscling genotype 2, 137 2.52* - - 
NDF, DDF – Numerator and Denominator degrees freedom 
* P<0.05, **P<0.01, *** P<0.0001 
 
 
 
 
 
 
Figure 6-2: Lactate concentration area under curve (±s.e.)  between 0 and 20 minutes (LAC 
AUC20) relative to adrenaline challenge in Angus steers of low, high and high heterozygous 
myostatin (HighHet) muscling genotypes. 
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6.3.4 NEFA response to adrenaline 
As adrenaline challenge increased the plasma NEFA AUC10 increased (Table 6-3), 
reaching a plateau at an adrenaline dose of about 2.5ug/kg live weight (Figure 6-3). 
Across this entire range of adrenaline challenges NEFA AUC10 was between 30 and 
40% higher for the High genotype compared to both the Low and High
Het
 genotypes 
(P<0.05, Table 6-3). There was also no effect of basal NEFA concentration, live weight, 
P8 fat or EMA on NEFA AUC10.   
Figure 6-3: NEFA concentration area under curve (±s.e.) between 0 and 10 minutes (AUC10) 
relative to adrenaline challenge in Angus steers of low, high and high heterozygous myostatin 
(High
Het
) muscling genotypes. 
6.3.5 Glucose response to adrenaline 
There was no effect of muscling genotype, live weight, P8 fat or EMA on glucose 
AUC20, however the level of adrenaline challenge and basal glucose concentration did 
have an effect. Across the range of adrenaline challenges administered, the plasma 
glucose AUC20 increased by about 8-fold (P<0.001). Basal glucose was associated with 
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a reduction in glucose AUC20 (P<0.05), with a 2 mM increase in basal glucose 
resulting in a 25% or 6.3 mM/20min decrease in glucose AUC20.  
6.3.6 Effect of muscling genotype on muscle glycogen and lactate 
Muscling genotype had an effect on muscle glycogen concentration (P<0.05) with the 
High steers having a 6.1% higher muscle glycogen content than the Low steers and the 
High
Het 
steers differing from neither group (Figure 6-4a). The muscle lactate 
concentrations from the 1
st
 biopsy (Figure 6-4b), taken before the animals were 
habituated to humans, showed that the Low steers had around 23% more lactate in the 
muscle samples than the High
 
or High
Het
 steers (P<0.05).  
Figure 6-4: (a) Muscle glycogen concentration (+s.e.) from 4 muscle biopsies taken from the 
semimembranosus, semitendinosus and longissimus thoracis et lumborum and (b) muscle lactate 
concentration (+s.e.) of semimembranosus, semitendinosus and longissimus thoracis et 
lumborum from muscle biopsy #1 in Angus steers of low, high and high heterozygous myostatin 
(High
Het
) muscling genotypes. 
6.3.7 Effect of muscling genotype on growth hormone 
The mean GH concentration did not differ between the High
Het
 and High steers, 
however these genotypes had 80% and 42% more GH respectively compared to the 
(a) (b) 
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Low genotype steers (P<0.05, Figure 6-5). There was no effect of liveweight, P8 fat 
depth or EMA on GH concentration.  
 
Figure 6-5: Average plasma growth hormone concentration (+s.e.) in Angus steers of low, high 
and high heterozygous myostatin (High
Het
) muscling genotypes. 
6.4 Discussion 
6.4.1 Muscle responsiveness to adrenaline 
Changes in plasma lactate concentration indicate the responsiveness of muscle tissue to 
adrenaline. These results showed that the High and High
Het
 muscling genotypes had a 
lower muscle response at high levels of endogenous adrenaline, which did not support 
our initial hypothesis. Computerised tomography scans of the hind-limb of these 24 
cattle (Chapter 3) showed that the High
 
and High
Het 
steers had proportionately more 
muscle than the Low steers (muscle represented 65.3% and 67.7% compared to 62.4% 
of hind-limb weight). A calculation using live weight at challenge, dressing percentage 
(Chapter 3) and percentage muscle mass (based on hind-limb) was used to determine 
total muscle mass at the time of challenge. Thus lactate output in response to adrenaline 
could be expressed on a per kg muscle weight basis. At the highest adrenaline dose, the 
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Low animals had around 47% more lactate output per kilogram of muscle weight 
compared to the High and High
Het
 cattle. Furthermore, at the high levels of adrenaline 
challenge, the High
 
and High
Het
 cattle appeared to reach a plateau in their response 
curves, while the Low genotype were still responding in a linear fashion. This may 
suggest even greater muscle responses at levels of adrenaline (stress) beyond those 
tested within this study. These results compare closely with work in sheep (Martin et 
al., 2011) where progeny from sires selected for high muscling breeding values also 
demonstrated reduced muscle responsiveness to adrenaline. 
The lower adrenaline responsiveness of high muscle animals could be due to a shift in 
proportion of muscle fibre types. Selection for muscling reduces the proportion of type I 
oxidative myofibres, whilst increasing the proportion of type IIX fast glycolytic 
myofibres (Wegner et al., 2000; Greenwood et al., 2006b). Martin et al. (1989) showed 
that the muscle of rats with more oxidative myofibres (type I) had an increased density 
of β2-adrenoreceptors and increased glycogenolysis. Furthermore, the receptor affinity 
in rats was similar across all myofibre types (Jensen et al., 1995), which indicates that 
receptor density is the primary determinant of adrenaline sensitivity. These β2-
adrenoreceptor receptor density differences suggest that muscle with more oxidative 
myofibres would be more responsive to adrenaline, an assertion supported by Lacourt 
and Tarrant (1985) and Richter et al. (1982) who showed that endogenous adrenaline 
induced more glycogenolysis in type I oxidative myofibres than type IIA oxido-
glycolytic or IIX fast glycolytic myofibres. Thus selection for muscling in cattle, which 
reduces the proportion of type I oxidative myofibres, may dilute the density of β2-
adrenoreceptors, subsequently reducing the muscle response to adrenaline.  
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This mechanism appears to over-ride the intrinsic enzymatic capacity of muscle with 
higher proportions of type IIX myofibres, which have a greater glycogenolytic capacity 
(Briand et al., 1981; Saltin and Gollnick, 1983). However, this may only occur in the 
absence of physical stress (ie muscle contraction). Contractile stress, such as that caused 
by mixing and fighting between animals, is associated with elevated levels of 
intracellular Ca
2+ 
ions which activate glycogen phosphorylase, thus inducing 
glycogenolysis. Given the greater glycogenolytic capacity of type IIX myofibres, it is 
likely that cattle selected for muscling and therefore having greater proportions of these 
myofibres, will be more susceptible to contraction induced glycogen depletion. This has 
been previously demonstrated in cattle and rats (Richter et al., 1982; Lacourt and 
Tarrant, 1985).  
The reduced adrenaline responsiveness of the high muscled cattle in a more chronic 
scenario is likely to lead to less stimulation of the catabolic phase of glycogen turn-over, 
resulting in greater accumulation of muscle glycogen. This was supported by the 
glycogen results of this study which were higher in the high muscled cattle. 
Furthermore, the high muscled cattle also had lower concentrations of basal plasma 
lactate, indicative of reduced glycogen turnover in muscle. And lastly, the lower 
concentration of lactate within the first biopsy sample indicates less mobilisation of 
glycogen due to the stress of the biopsy procedure. These results all show that selection 
for more muscular animals will reduce muscle glycogen depletion under stress, leading 
to greater concentrations at slaughter and most importantly, reduce the proportion of 
dark, firm and dry carcasses. 
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6.4.2 Adipose tissue responsiveness to adrenaline 
The adipose tissue of high muscling steers is more responsive to adrenaline than their 
low muscling counterparts, shown by larger mobilisation of NEFA at all levels of 
adrenaline challenge, supporting our initial hypothesis. This result suggests a catabolic 
(lipolytic) mechanism contributing to the reduced adiposity seen in these high muscled 
animals at slaughter. It aligns well with research in sheep (Martin et al., 2011) where the 
progeny of sires with high muscling breeding values also had an increase in adipose 
tissue response to adrenaline. Furthermore, research in double muscled bulls showed 
that subcutaneous and peri-renal adipose tissue was reduced in quantity as a result of 
hypotrophy (reduced fat storage per fat cell) and hypoplasia (less fat cells) (Hocquette et 
al., 1999). This result may also be indicative of greater mobilisation of adipose tissue in 
response to stress in double muscled bulls. 
In general support of the assertion that high muscled genotypes have greater adipose 
responsiveness to adrenaline, the basal NEFA concentrations of the High and High
Het
 
steers were also elevated compared to the Low muscled animals. However, it should be 
noted that the basal concentrations of NEFA were at the lower end of the normal range 
for plasma NEFA concentrations, indicating that the animals were habituated to humans 
and the sampling conditions. Thus external/environmental stressors are unlikely to have 
impacted on the results of this study. 
While the physiological mechanisms contributing to these results in ruminants are 
unclear, Gregory et al. (1986) showed that adipose tissue capillary blood flow declines 
with increasing fatness in sheep, slowing the perfusion of endogenous adrenaline. This 
may lead to less activation of hormone sensitive lipase and β2-adrenoreceptors, reducing 
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lipolysis in fatter animals. Furthermore, Jocken and Blaak (2008) found reduced 
hormone sensitive lipase expression, coupled with reduced number and function of β2-
adrenoreceptors in adipose tissue in obese humans (Reynisdttir et al., 1994). The 
reverse may apply in high muscled, lean steers, with greater density of β2-
adrenoreceptors in their adipose tissue due to hypotrophy of cells, as observed in double 
muscled bulls (Hocquette et al., 1999). This could create an increased responsiveness in 
these animals, further reducing their adipose tissue storage.  
Alternatively, elevated growth hormone concentrations were found in the plasma of the 
High muscling genotype steers, which may also explain their elevated NEFA response. 
Numerous studies have shown that animals undergoing growth hormone treatment have 
higher adipose sensitivity to adrenaline, generating higher plasma NEFA and glycerol 
concentrations (McCutcheon and Bauman, 1986; Novakofski et al., 1988; Sechen et al., 
1990; Pethick and Dunshae, 1996). Thus, the increased adipose tissue responsiveness of 
cattle selected for muscling may be associated with elevated levels of growth hormone, 
resulting in greater adipose turn-over and the leaner phenotype evident in these animals.  
6.4.3 Liver responsiveness to adrenaline 
In support of our initial hypothesis, there was no effect of muscling genotype on the 
responsiveness of the liver to adrenaline challenges. These findings are in contrast to 
those of Martin et al. (2011) where lambs from low muscling sires had higher glucose 
responsiveness to adrenaline challenge. This increased responsiveness in lambs from 
low muscling sires could be due to substrate availability and different levels of 
gluconeogenesis in the liver and kidney rather than liver responsiveness. Lactate is a 
key gluconeogenic substrate in ruminants contributing around 15% of gluconeogenic 
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glucose (Seal and Reynolds, 1993), while glycerol from the metabolism of 
triacylglycerols will contribute around 2 – 5% of glucose in ruminants (Drackley et al., 
2001). Martin et al. (2011) showed that the lambs from low muscling sires had much 
higher lactate responsiveness to adrenaline, allowing for greater gluconeogenesis in the 
liver and kidney following an adrenaline challenge. Thus in this study, there is possibly 
no difference in glucose response as the effect of adrenaline on lactate was more subtle, 
while the contribution of glucose from glycerol would be negligible, therefore allowing 
less scope for a substrate driven glucose response in these animals. 
6.4.4 The impact of basal glucose concentration on adrenaline response 
Higher basal glucose levels were associated with a dampening effect on glucose 
responses to adrenaline challenges. This implies that the higher circulating levels of 
glucose had stimulated the homeostatic counter-regulatory mechanisms of insulin to a 
larger degree in these animals. This may inhibit the subsequent response to the 
exogenous adrenaline challenge, a result that has also been shown in lambs (Martin et 
al., 2011).  
6.4.5 Effects of myostatin polymorphism 
Conclusions for the impact of the 821 del11 myostatin mutation on adrenaline 
sensitivity of the muscle, adipose tissue and liver are tentative due to the limited number 
of animals (n=3) available in this study. But as a general trend the High and High
Het
 
genotypes were relatively similar in their muscle response to adrenaline, as well as their 
circulating levels of basal metabolites. Additionally, they did not differ in their adipose 
tissue response. However the key point to note is that the presence of the myostatin 
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mutation was not additive to the response of the High
 
muscling genotype. This suggests 
that the response of the High
Het 
steers is not strongly associated with the 821 del11 
myostatin mutation. Further work with increased numbers is required to more 
conclusively study differences in adrenaline responsiveness of these animals. 
6.5 Conclusion   
Cattle selected for high muscling have reduced responsiveness to adrenaline in muscle, 
leading to less glycogenolysis during stress and ultimately increasing the levels of 
stored muscle glycogen. Therefore selection for muscling may decrease the incidence of 
dark, firm, dry beef carcasses. This response may be driven by lower β2-adrenoreceptor 
density in muscle cells of highly muscled cattle. Cattle selected for muscling also have 
greater adipose responsiveness to adrenaline. This may be associated with elevated 
levels of growth hormone in these animals, and is likely to contribute to their 
phenotypic leanness.  
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Chapter 7. Selection for increased muscling in cattle 
with no myostatin mutation does not increase glycolytic 
myofibres or glycolytic enzymes 
7.1 Introduction 
Cattle producers select for greater muscling to increase beef yields (O'Rourke et al., 
2009) because muscle is the tissue of greatest economic importance in beef cattle. 
Skeletal muscle is comprised of three major myofibres, types I, IIA and IIX, which all 
have distinctly different levels of oxidative and glycolytic activity, and contractile 
properties (Lefaucheur, 2010). An increase in fast-twitch glycolytic fibres is 
characterised by an increase in glycolytic capacity, as shown by greater activities of the 
glycolytic enzymes phosphofructokinase (PFK) and lactate dehydrogenase (LDH). It is 
also associated with a decrease in oxidative capacity, as indicated by reduced activity of 
mitochondrial enzymes such as citrate synthase (CS) and isocitrate dehydrogenase 
(ICDH) (Hocquette et al., 1998). Selection for increased muscling increases the 
proportion of the fast-twitch glycolytic type IIX myofibres in cattle (Wegner et al., 
2000) and in sheep (Greenwood et al., 2006a). Younger cattle have also been shown to 
have a lower proportion of type I and a higher proportion of type IIX myofibres 
(Brandstetter et al., 1998; Greenwood et al., 2009), therefore age may also have an 
effect on the oxidative and glycolytic potential of muscle as evidenced by changes in 
activity of enzymes over time. These changes in the metabolic capacity of the muscle 
may affect meat quality. 
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Increased glycolytic potential in more muscular animals may increase the rate of pH 
decline post-mortem. High rates of pH decline in pigs with a high proportion of fast-
twitch glycolytic IIX fibres has been shown to increase the incidence of pale, soft, 
exudative carcasses (Sellier and Monin, 1994). Pale, soft, exudative pork is paler in 
colour, has increased cooking loss and protein denaturation and decreased water holding 
capacity (Choe et al., 2008). Double muscled cattle also have accelerated post-mortem 
glycolysis resulting in a rapid rise in lactic acid and fall in pH (Fiems et al., 1995). A 
rapid fall in pH without sufficient chilling can result in heat toughening of carcasses 
(Thompson, 2002) and, in some cases, tougher meat (Unruh et al., 1986). Heat 
toughening meat has early exhaustion of proteolytic activity, decreasing the ageing 
ability of the meat (Dransfield, 1993) as well as increased drip loss (Denhertogmeischke 
et al., 1997). Thus selection for more muscular cattle with higher proportions of type 
IIX myofibres could increase rate of pH decline and increase the chance of heat 
toughening. 
Selection for muscling and the shift in myofibres has also been shown to decrease the 
concentration of the oxygen storing protein myoglobin in lambs (Gardner et al., 2006). 
Myoglobin is the red pigment in meat and therefore more muscular cattle with less 
myoglobin may also have „paler‟ meat. As the concentration of myoglobin in muscle 
increases, the iron and zinc concentration also increases, meaning that more muscular 
cattle may also have less of these minerals which are important drivers of consumer 
demand for red meat (Pethick et al., 2006). However, on the positive side, more 
muscular animals may have better retail colour stability because glycolytic fibres have a 
lower density of mitochondria (Swatland, 1984) and thus a lower rate of mitochondrial 
respiration. As a result of this, the free-radical generation will be reduced, thereby 
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reducing the transition of oxymyoglobin (redder coloured meat) to metmyoglobin 
(browner coloured meat).   
It has been frequently reported that myofibre type composition can affect rate of pH 
decline (Thompson et al., 2006), the quantity of myoglobin and retail colour stability 
(O'Keeffe and Hood, 1982; Renerre and Labas, 1987). However, identifying the specific 
relationships between these factors and myofibre characteristics has proven to be 
difficult as most studies have been focused on between breed comparisons (Wegner et 
al., 2000; Gardner et al., 2006; Greenwood et al., 2006a; Greenwood et al., 2007). This 
is likely to have introduced greater variability in other biological factors which may 
interact with this relationship, such as growth rate, body composition and intramuscular 
fat. Thus assessing this relationship between fibre type and meat quality parameters 
within a breed may better elucidate this link.  
The study presented here was conducted on Angus steers of varying muscling 
genotypes, and tested the hypotheses that high muscled steers compared to low muscled 
steers would have: a greater proportion of glycolytic and a lower proportion of oxidative 
myofibres; higher activity of the glycolytic enzymes PFK and LDH, which would 
decline with age, and lower activities of ICDH and CS which would increase with age; 
greater rate of pH decline post-mortem; „paler‟ meat with less myoglobin and iron, and 
better colour stability.     
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7.2 Materials and methods 
7.2.1 Animals 
Data was collected on 24 Angus steers which were selected from an Industry & 
Investment New South Wales Angus herd which had been divergently selected for high 
and low muscling since 1990 (McKiernan et al., 2002). They were selected into high 
and low lines using a subjective live animal muscle score based on the thickness and 
convexity of the body relative to the skeletal size of the animal, adjusted for 
subcutaneous fat (Elliot et al., 1987; McKiernan, 1990 and 2007). A 15 point scale was 
used, from A+ to E-, where A score animals are heavily muscled European type breeds 
and E score cattle are poorly muscled or dairy type. For ease of statistical analysis these 
scores equate to scores of 15 to 1. From this herd, 10 low muscled homozygous wild-
type (Low), 11 high muscled homozygous wild-type (High) and 3 high muscled steers 
that were heterozygous for the 821 del11 myostatin mutation (High
Het
) were selected. 
These 24 steers were assessed for visual muscle score by the same assessor at weaning 
(~8 months of age), ~18 months of age and prior to slaughter at ~2 years of age. The 
average muscle scores of the High and High
Het
 muscling genotypes were 10.1 and 10.3 
which equates to B-, while the Low
 
genotype had an average score of 4.5 or a D on a 15 
point scale of E- to A+.  Perry et al. (1993a) showed that the correlation between 
assessors and linear muscle measurements of the same animal over time ranged from 
0.9 to 0.92.  
At approximately 18 months of age the steers were transported from NSW to Murdoch 
University in WA and were then fed an ad-libitum quantity of a grain-based 
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commercially available cattle maintenance pellet (Milne Feeds, EasyBeef Pellet, Perth, 
WA) and supplemented with low quality oaten hay as roughage. The pelleted ration 
contained 9 MJ/kg metabolisable energy and 10.6 % crude protein on a dry matter basis.  
Experiments were approved and monitored by the animal ethics committee at Murdoch 
University (Perth, Australia) with Permit number: R2053/07.  
7.2.2 Muscle sampling 
Muscle enzyme activities and protein concentrations were analysed from muscle 
biopsies taken from the m. semimembranosus (SM), m. semitendinosus (ST) and 
longissimus thoracis et lumborum  (LTL) 14, 90, and 150 days after arrival in WA, and 
at slaughter, resulting in a total of four samples taken from each muscle from each 
animal. The first sample (day 14) was taken when the steers were at an average age of 
18 months.  
The muscle biopsy samples from the live cattle were taken with a purpose-built, 12 V 
motorised biopsy drill (Murdoch University, Western Australia) while they were in a 
restraining crush with head bail. Hair was clipped from a 10 cm
2
 area around the point 
of incision. The position of the LTL sample was 10 cm from the spine between the 12
th
 
and 13
th
 ribs and the SM and ST samples were taken from a site located between 20 and 
25 cm below the anus, with both muscles accessed through a single incision made over 
the seem lying between these muscles.  Clipping was followed by sterilisation using 
Betadine surgical scrub
®
 (F.H. Faulding and Co. Ltd, Virginia, Qld, Australia) and 
wiping with gauze soaked in 70% ethanol solution. Local anaesthetic (5 mL of 20mg/ml 
lignocaine hydrochloride, Troy Laboratories Pty Ltd, Smithfield, NSW, Australia) was 
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infiltrated under the skin and then a single 1cm „stab‟ incision was made through the 
skin. The biopsy needle (approximately 5cm long with 3mm inner diameter), attached to 
the drill (approximately 3700 revolutions per minute producing minimal noise), was 
then passed into the appropriate muscle with a simultaneous vacuum applied to hold the 
muscle sample (approximately 250 mg) in the needle. Following biopsy, the wound was 
washed with Betadine solution (F.H. Faulding and Co. Ltd, Virginia, Qld, Australia) 
and Chloromide surface disinfectant (Troy Laboratories Pty Ltd, Smithfield, NSW, 
Australia) applied around the incision. Muscle samples were rapidly placed into liquid 
nitrogen after „blotting‟ away blood and removing visible fat. Muscle samples were 
stored at –80°C until enzymatic analysis. Successive muscle biopsy samples were taken 
from alternate sides of the animals.  
At slaughter, muscle samples from the SM and ST were taken on the slaughter floor 
immediately after the hide was peeled back from the hind leg (~10 minutes post 
slaughter), while the LTL sample was taken after the hide had been removed (~18 
minutes post slaughter). The sample of LTL was obtained from the superficial (dorsal) 
region of the muscle, adjacent and caudal to the 13th rib. Samples of SM and ST were 
obtained from dorsal, proximal regions of each muscle. Once samples were taken, 
visible fat was removed and samples were frozen in liquid nitrogen and later stored at –
80°C until enzymatic analysis. Due to the delay in the collection of the samples 
following the slaughter of the animals, some enzymatic activity may have been lost due 
to degeneration of enzymes during this time.   
Following overnight chilling, additional samples from SM, ST and LTL were taken 
immediately adjacent to the previous enzymatic samples for fibre type and mineral 
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analysis. For fibre type analyses, a block of muscle approximately 1 cm
2
 by 1.5 cm was 
cut from each muscle, ensuring the sampling site was standardised for each muscle. To 
prepare muscle blocks for histology, subcutaneous fat, fascia, and approximately 5mm 
of muscle were trimmed from the block, leaving a cube approximately 1 cm
3
 for 
freezing. During sample preparation, the alignment of the sample was maintained to 
allow for cryosectioning commencing from the cranial end of the tissue block, 
perpendicular to the length of the muscle cells. Each muscle sample was mounted using 
gum tragacanth (Sigma Chemical Co., St Louis, MO; prepared 5% w/v in distilled, 
deionised H2O) onto a cork block labelled to show the orientation of the muscle sample, 
with the muscle fibres running perpendicular to the cork block (Greenwood et al., 
2000). Samples were frozen by immersion in isopentane cooled to approximately 
−160°C in liquid nitrogen, prior to storage at −80°C. 
7.2.3 pH declines and data adjustment 
The pH declines were measured in the LTL, ST and SM muscles in the same region 
where muscle samples had been excised, although care was taken to avoid previously 
dissected muscle tissue. The initial pH and temperature readings were taken 
approximately 50 minutes post-slaughter when all carcasses entered the chiller, using a 
TPS WP-80 pH meter (TPS Australia, Qld, Cat no: 121180) equipped with a glass-
tipped ionode pH electrode (Ionode Pty Ltd, Qld, Cat no: IJ 44) and a temperature probe 
(TPS Australia, Cat no: 121249) calibrated at ambient temperature using buffers at pH 
4.00 and 7.00. Readings of pH and temperature were also taken at around 1.5, 2, 2.5, 3 
and 6.5 hours after slaughter, and ultimate pH was measured 24 hours after slaughter. 
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Carcasses differed in cooling rates due to variation in weight and fatness. These 
temperature differences are likely to affect both muscle pH measurements (Bendall and 
Wismer-pedersen, 1962) and glycolytic rate (Bendall, 1978). Therefore, to accurately 
assess the impact of intrinsic muscle metabolic factors on rates of pH decline, it is 
essential that these differential cooling rates are adjusted for. Hence, prior to analysis, 
the pH measurements were adjusted to their equivalent at 25
°
C, using the formula 
adapted from Bendall and Wismer-pedersen (1962): 
pHadj = pHunadj + (Tempmeasured − 25) * 0.01 
where Tempmeasured was the temperature of the sample measured on the carcass. To 
account for the effect of temperature on glycolytic rate, the time interval between 
measurements was also adjusted using an exponential equation derived from Bendall 
(1978) which adjusts the time intervals between measurements by a rate constant to 
assume glycolysis was occurring at a constant temperature of 25
°
C: 
Timeadj = Timeunadj ∗ (exp[16.145 − (4811.2/Tempact)]) 
 where Tempact is absolute temperature (K) of the muscle at the time of sampling. This 
adjustment is based on an assumed energy of activation of pH fall of 40 kJ/mole 
(Bendall, 1978), and has been mathematically re-derived from its original form (Daly et 
al., 2006) published by Bendall (1978), which was based on a muscle temperature 
correction to 38
°
C. 
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Temperature and pH declines were modelled using an exponential function as described 
by Bruce et al. (2001): 
yt = xu + (xi − xu)
−x
k
 t
 
where using pH as the example, yt is pH as a function of time; xu is ultimate pH (pHu); 
xi is initial pH; xk is the rate constant of pH fall (pHk); and t is time. This function was 
fitted to the temperature data and the raw and temperature-adjusted pH data using 
PROC NONLIN in SAS (SAS, 2001). From this function, pHk, pHu, temperature and 
time at 2 hours post-mortem and temperature and time at rigor (pH6) have been 
analysed.   
7.2.4 Retail colour stability 
Colour stability was analysed in the LTL because of its commercial importance as it is 
used in carcass assessment (Perry et al., 2001; AUS-MEAT, 2005) and beef quality 
grading systems (MSA, 1999). The LTL or striploin (AUS-MEAT product 
identification number 2143) was excised from the carcass at the time of further 
processing. Each LTL was cryovac packaged and stored at 4°C. At 5 days after 
slaughter, a 2cm thick slice of the LTL was cut at the 12
th
 rib region. Visible fat was 
removed from the surface of the meat prior to the slice being placed on black Styrofoam 
trays and over wrapped with oxygen permeable polyvinyl chloride wrap that had a 
thickness of 10 microns. The meat was stored at 4
°
C in a refrigerator fitted with cool 
white fluorescent lights (OSRAM L36W/20, Germany).    
Colour measurements were made using a Hunter Lab Mini Scan XE Plus (model No. 
45/0-L, Hunter Associates Laboratory Inc., Reston VA, USA), using C set as the light 
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source with aperture set to 10. The first measurement was taken 1 hour after slicing, 
then colour measurements were taken every 6 hours for 24 hours, then every 12 hours 
until 60 hours with a final reading taken at 168 hours (7 days). Two readings were taken 
of the same slice at each time point and the readings were averaged.  
 
Plate 5: The Hunter Lab Mini Scan XE Plus used to analyse the retail colour stability of the 
longissimus thoracis et lumborum 
Surface myoglobin oxidation was predicted from the oxy/metmyoglobin ratio calculated 
from the ratio of light reflectance at 630 and 580 nm. Hunt (1980) noted that very little 
metmyoglobin is present in meat with ratios above 4, however when the meat surface 
approaches a ratio of 1, metmyoglobin will be the only remaining form present. Thus at 
ratios below 4 meat will begin to appear brown, therefore a ratio score of 3.5 was used 
as a point for comparing myoglobin oxidation between samples in this study. Hunter L* 
(relative lightness), a* (relative redness) and b* (relative yellowness) colour 
measurements were also collected using the data log on the same machine. 
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7.2.5 Muscle immunocytochemistry, myofibre classification and 
morphometry 
Cross-sectional, 10-μm-thick, serial sections were cut from each sample using a cryostat 
microtome (ThermoShandon AS 620 Cryostat SME, Thermotrace Ltd, Noble Park). 
The sections were air-dried and stored at −20°C until commencement of the staining 
procedures. They were then thawed, fixed in 100% acetone, and recovered in 0.01 M 
phosphate-buffered saline (PBS), pH 7.2 prior to application of blocking solution (10% 
non-immune serum, Zymed Laboratories, South San Francisco, CA) for 10 minutes. 
The blocking solution and subsequent reagents were applied within a well created 
around each tissue section using a hydrophobic slide marking pen. A volume of 50 μL 
of diluted monoclonal antibody against slow or type 1 (clone WB-MHCs, Novocastra, 
Newcastle upon Tyne, UK; diluted 1 : 100 in PBS), fast or type 2 (clone MY-32, Sigma 
Chemical Co., St Louis, MO; diluted 1 : 1200 in PBS), and types 1, 2B, and 2X (clone 
S5 8H2 diluted 1 : 1000 in PBS; see (Picard et al., 1998; Arguello et al., 2001; Reggiani 
and Mascarello, 2004) myosin heavy chain (MHC) isoforms were applied to serial 
tissue sections and incubated for 1 h at 37°C in a humid chamber. Rabbit anti-laminin, 
affinity-isolated antibody (Sigma Chemical Co., St Louis, MO; diluted 1 : 500 in PBS) 
was also included in the solution containing anti-type 1 MHC to allow cellular margins 
to be delineated. The antibodies were detected using a broad spectrum Labelled-
[Strept]-Avidin-Biotin amplification system and the substrate chromagen, 
diaminobenzidine (Zymed Laboratories, South San Francisco, CA), and the sections 
dehydrated and cleared using graded ethanols and xylenes and coverslips applied using 
a xylenes-based mounting medium. 
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Stained serial tissue sections for the 3 muscles from the 24 animals were classified and 
measured. A total of 269 ± 70 (mean ± s.d.) myofibres were classified per animal for the 
LTL, 264 ± 66 for the SM and 243 ± 39 myofibres were classified for the ST, all from a 
single field. Classification of myofibres into 5 subtypes (1, 2C, 2A, 2AX, and 2X) was 
based on their staining characteristics for the 3 antibodies (Figure 7-1) against MHCs. 
Myofiber types described previously as 2B and 2AB (Picard et al., 1998) were 
classified as types 2X and 2AX on the basis that antibody S5–8H2 binds to type 2B and 
type 2X MHC (Reggiani and Mascarello, 2004), but that limb and trunk muscles of 
cattle express type 2X MHC and little or no type 2B MHC (Tanabe et al., 1998; 
Maccatrozzo et al., 2004; Reggiani and Mascarello, 2004; Picard and Cassar-Malek, 
2009). Classification of type 2C myofibres was based on positive staining for all three 
antibodies, albeit at lower staining intensity. Classification of type 2AX myofibres was 
based on intermediate staining for the type 1, 2B and 2X MHC antibody and negative 
staining for the type 1 MHC antibody. The classification system also differed from that 
of Picard et al. (1998) due to use of the bright-field antibody detection system described 
above and bright-field microscopy, rather than fluorescence. Muscle sections were 
viewed using the 4× objective of a Motic BA210T trinocular compound microscope 
(Motic Inc. Ltd, Causeway Bay, Hong Kong), and images of the fields of view obtained 
using a Motic 2300 3.0M pixel colour digital camera (Motic Inc. Ltd, Causeway Bay, 
Hong Kong). The digital pictures each contained a scale bar which was calibrated using 
the Motic Calibration Slide (Motic Inc. Ltd, Causeway Bay, Hong Kong). The anti-
laminin staining of the basal lamina was used as the cellular template (Figure 7-1) 
within which the staining characteristics for the 3 MHC antibodies were used to classify 
the type of each muscle fibre. For each muscle cell, in series, densitometry of stained 
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sections provided an objective classification of myofibre type (Figure 7-1). Muscle fibre 
count and measurements of cross-sectional area, diameter and circularity were measured 
using Adobe Photoshop CS5 Extended (Adobe, San Jose, California, USA). Where 
necessary, cellular margins and staining characteristics were confirmed directly through 
the microscope using a ×10 objective. Average cross-sectional for all myofibres and 
relative area (percentage of total myofibre area) of myofibre types were calculated from 
the percentage and average cross-sectional area for each myofibre type. Ratios of 
glycolytic (type 2X) to more oxidative myofibres (types 1 + 2C + 2A + 2AX) were also 
calculated for percentage and relative area of myofibres. 
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Figure 7-1: Immunocytochemical 
staining of myosin heavy chains in 
myofibres in beef longissimus thoracis et 
lumburum muscle. Representative 
myofibres are indicated: s, type I (≡ slow 
oxidative); a, type 2A (≡ fast 
oxidativeglycolytic); x, type 2X (≡fast 
glycolytic); ax, type 2AX (= type 2A-
type 2X intermediate); c, type 2C (=type 
1-type 2A intermediate). Classification 
of type 2C myofibres was based on 
positive or intermediate staining for all 
three antibodies. Classification of type 
2AX myofibres was based on positive 
staining for the type 2 MHC antibody, 
intermediate staining for the type 1, 2B 
and 2X MHC antibody, and negative 
staining for the type 1 MHC antibody.  
  
Anti-type 2 MHC 
Anti-type 1 MHC and anti-laminin 
 
I 
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7.2.6 Muscle enzymatic assays 
For the enzymatic assays, muscle samples were firstly pulverised at the temperature of 
liquid nitrogen. They were then homogenised for 40 seconds using a polytron 
(Kinematica Polytron, probe PT 10–35; Kinematica Gmbh, Luzern, Steinhofhalde, 
Switzerland) at full speed in 20 mmol/L triethanolamine, 280 mmol/L sucrose, 1 
mmol/L EDTA, 1 mmol/L DTT, 100 μmol/L PMSF and 2% triton at pH 7.4. Finally the 
homogenate was centrifuged for 10 min at 10,000 rpm at 3°C and the supernatant 
collected and frozen at –80°C. The enzyme assays were performed using a Beckman 
DU650 spectrophotometer (Beckman Instruments, Fullerton, California) on once 
thawed supernatants with no loss of enzyme activity. Prior to analysis all samples were 
pooled and then processed randomly across all time points, muscles and muscling 
genotypes. Phosphofructokinase (PFK; EC 2.7.1.11) was assayed as described by 
Fournier and Guderley (1992), which was originally derived from the method of Opie 
and Newsholme (1967). Lactate dehydrogenase (LDH; EC 1.1.1.27) was assayed 
according to the procedure of Ansay (1974), and isocitrate dehydrogenase (ICDH; EC 
1.1.1.42) by the method of Briand et al. (1981). Citrate synthase (CS; EC 2.3.3.1) was 
assayed with the procedure according to Stitt (1984). All enzyme assays were checked 
for linearity of the relationship between time of reaction and supernatant volume v. 
activity with subsequent routine assays performed in the linear range. 
Protein (extractable) was measured on the supernatant via the method of Bradford 
(1976) using the BIO-RAD dye reagent concentrate (BIO-RAD Laboratories, Cat. No. 
500-0006, Hercules, CA, USA) with bovine serum albumin as the standard. 
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7.2.7 Muscle myoglobin determination 
Due to the limiting size of muscle biopsies and error caused by blood contamination, 
myoglobin analysis was not carried out on muscle samples taken at live biopsy, and was 
only carried out on ST, SM and LTL samples taken immediately after slaughter. Muscle 
tissue was firstly homogenised in 0.04 mol/L phosphate buffer (pH 6.5) using a polytron 
(Kinematica Polytron, probe PT 10–35; Kinematica Gmbh, Luzern, Steinhofhalde, 
Switzerland). The homogenate was then assayed for myoglobin concentration using the 
method of Trout (1991) using a UV spectrophotometer (Shimadzu UV-1201, Japan). 
Protein was also measured on the myoglobin supernatant using the same method as 
described for the enzymatic supernatant. 
7.2.8 Mineral determination 
Mineral analysis was carried out on samples taken from the SM, ST and LTL following 
overnight chilling. Subcutaneous fat and silver skin were removed from the samples and 
40g of diced muscle was collected and frozen one day post-mortem at –20 C and then 
commercially freeze-dried by using a Cuddon FD 1015 freeze dryer (Cuddon Freeze 
Dry, NZ). A 0.2g dry matter sample was prepared according to the USEPA method 
(USEPA, 1991). Iron (Fe), zinc (Zn) and copper (Cu) concentrations were determined 
on a Vista AX CCD simultaneous ICP-AES (Varian Australia Pty Ltd). 
7.2.9 Statistical Analysis 
Myofibre characteristics, myoglobin, protein from myoglobin supernatant, mineral 
concentration and pH decline parameters were analysed using a linear mixed effects 
model (SAS Version 9.1, SAS Institute, Cary, NC, USA). The fixed effects were muscle 
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(LTL, SM, ST) and muscling genotype (High, Low, High
Het
). For the myoglobin 
analysis, myoglobin supernatant protein concentration was also included in the model as 
a covariate. 
Enzymatic activities and protein concentration from the enzymatic assay supernatant 
were analysed in a similar fashion using a linear mixed effects model (SAS, 2001) with 
muscle (LTL, SM, ST), muscling genotype (High, Low, High
Het
) and sample time 
(biopsy 1, 2, 3 and slaughter) included in the model as fixed effects. For the enzymatic 
analyses, supernatant protein concentration was also included in the model as a 
covariate.   
The oxy/metmyoglobin ratio, Hunter L* (relative lightness), a* (relative redness) and b* 
(relative yellowness) colour measurements from the LTL were also analysed using a 
linear mixed effects model (SAS, 2001) with muscling genotype (High, Low, High
Het
) 
in the model as a fixed effects and retail display time was used as a covariate.  
For all of the analyses described, animal within sire was included as the random term, 
and relevant first order interactions between terms were included and removed in a step-
wise fashion if non-significant terms (P > 0.05). 
7.3 Results  
7.3.1 Myofibre characteristics – effect of genotype  
Compared to the Low muscling genotype, the High muscled steers had a less fast-
glycolytic muscle type in the LTL with lower (P<0.05) proportion of myofibres and 
percentage of total myofibre area of type IIX fibres (Table 7-1). This was offset by 
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increased percentage of total myofibre area for other fibre types, although the only 
significant change was an increase in the type IIAX fibres (Table 7-1). These 
differences in fibre type proportions were not seen in the other two muscles, however 
the High genotype had greater (P<0.05) cross sectional area‟s across all myofibre types 
in both the ST (by 24%) and the SM (by 22%). There was a small increase (P<0.05) in 
the percentage and proportion of total myofibre area of type IIC fibres in the SM, 
however this difference was small relative to the variation seen within other fibre types 
(Table 7-1). 
When the High
Het
 genotype were compared to the other two genotypes, differences were 
mainly evident in the ST where the High
Het
 cattle had a greater (P<0.05) percentage and 
proportion of total myofibre area of type IIX fibres, as well as greater (P<0.05) 
glycolytic to oxidative myofibre ratio (Table 7-1). This was offset by lower (P<0.05) 
percentage and proportion of total myofibre area of both type I and type IIA fibres 
(Table 7-1). Furthermore, the High
Het
 genotype also had 23% and 53% greater (P<0.05) 
cross sectional area across all myofibre types compared to the High and Low genotype 
cattle. 
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Table 7-1: Predicted means of myofibre characteristics in the longissimus thoracis et lumborum  (LTL), m. semimembranosus (SM) and m. semitendinosus (ST) 
of High, Low and HighHet muscling genotypes in Angus steers. Type I, type I myosin heavy chain (MHC)≡slow oxidative; type IIA, type IIA MHC≡fast 
oxidative-glycolytic; type IIX, type IIX MHC≡fast glycolytic; type IIAX, type IIA-type 2X intermediate; type IIC, type I-type IIA intermediate; ratio glycolytic : 
oxidative (Glyc:Oxi), ratio more glycolytic cells (type IIX) : more oxidative cells (types I+IIC+IIA+IIAX); Values are mean ±s.e.m.  
Variable Fibre type 
LTL SM ST 
High Low High
Het
 High Low High
Het
 High Low High
Het
 
Proportion 
of 
myofibres 
  Type I 28.9 ±1.83 25.8 ±1.92 26.8 ±3.51 22.7 ±1.83 21.1 ± 1.92 22.1 ±3.51 13.0 ±1.83
A
 10.2 ±1.92
AB
 5.2  ±3.51
B
 
Type IIC 0.8 ±0.31 0.4  ±0.33 1.1  ±0.59 2.2  ±0.31
A
 0.8  ±0.33
B
 0.6  ±0.59
B
 0.4  ±0.31 0.3  ±0.33 0.3  ±0.59 
Type IIA 24.6 ± 1.96 20.4 ± 2.05 22.6 ±3.75 22.8 ±1.96 25.7 ±2.05 20.1 ±3.75 17.3 ±1.96 19.3 ±2.05 14.2 ±3.75 
Type IIAX 1.6 ±0.31
d
 0.8 ±0.32
e
 1.6 ±0.59
de
 1.5 ±0.31 1.4 ±0.32 1.1 ± 0.59 1.3 ±0.31 1.5 ±0.32 1.1 ±0.59 
Type IIX 44.0 ±2.01
B
 52.6 ±2.11
A
 47.9 ±3.85
AB
 50.8 ±2.01 51.0 ±2.11 56.1 ±3.85 68.0 ±2.01
B
 68.7 ±2.11
B
 79.2 ±3.85
A
 
Glyc:Oxid 
ratio 
0.82 ±0.15 1.1 ±0.16 0.95 ±0.29 1.1 ±0.15 1.1 ±0.16 1.3 ±0.29 2.3 ±0.15
B
 2.3 ±0.16
B
 4.0 ±0.29
A
 
Myofibre 
cross- 
sectional 
area (µm
2
) 
Type I 2868 ±180 2797 ±189 3055 ±345 3224 ±180 2809 ±189 2746 ±345 3284 ±180 2757 ±189 3532 ±345 
Type IIC 1884 ±368 1188 ±386 1342 ±705 2370 ±368 1382 ±386 2316 ±705 1591 ±368 428 ±386 491 ±705 
Type IIA 2803 ±164 2813 ±172 2860 ±314 2674 ±164 2309 ±172 2386 ±314 2839 ±164 2268 ±172 2379 ±314 
Type IIAX 2751 ±393  2515 ±412 2072 ±752 2975 ±393 2328 ±412 1294 ±752 2953 ±393 2535 ±412 2452 ±752 
Type IIX 4065 ±266 3956 ±279 4648 ±509 4518 ±266
Ad
 3580 ±279
B
 3504 ±509
e
 4616 ±266
Be
 3711 ±279
B
 5739 ±509
Ad
 
Average 
CSA 
3428 ±199 3418 ±208 3760 ±380 3724 ±199
A
 3043 ±208
B
 3080 ±380
AB
 4095 ±199
B
 3298 ±208
C
 5045 ±380
A
 
Percent of 
total 
myofibre 
area 
Type I 24.8 ±1.68 21.3 ±1.77 22.0 ±3.22 19.4 ±1.68 19.6 ±1.77 19.7 ±3.22  10.1 ±1.68
d
 8.5 ±1.77
de
 3.1 ±3.22
e
 
Type IIC 0.7 ±0.23 0.3 ±0.24 0.7 ±0.43 1.4 ±0.23
Ad
 0.5 ±0.24
B
 0.5 ±0.43
e
 0.3 ±0.23 0.2 ±0.24 0.1 ±0.43 
Type IIA 20.5 ±1.62 17.0 ±1.70 17.3 ±3.10 16.7 ±1.62 19.4 ± 1.70 15.0 ± 3.10 12.1 ±1.62
de
 13.2 ±1.70
d
 6.9 ±3.10
e
 
Type IIAX 1.7 ±0.31
A
 0.8 ±0.33
B
 1.4 ±0.59
AB
 1.2 ±0.31 1.2 ±0.33 0.8 ±0.59 1.2 ±0.31 1.2 ±0.33 0.6 ±0.59 
Type IIX 52.3 ±2.13
B
 60.6 ±2.23
A
 58.6 ±4.08
AB
 61.3 ±2.13 59.2 ±2.23 64.1 ±4.08 76.3 ±2.13
B
 77.0 ±2.23
B
 89.4 ±4.08
A
 
Glyc:Oxid 
ratio 
1.2 ±0.25 1.6 ±0.26 1.47 ±0.48 1.62 ±0.25 1.50 ±0.26 1.78 ±0.48 3.56 ±0.25
B
 3.49 ±0.26
B
 8.84 ±0.48
A
 
Values for muscling genotypes within rows within a muscle followed by different letters 
A>B>C
 are significantly different (P<0.05) and 
d>e>f
 (P<0.10) 
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7.3.2 Enzymatics, protein and myoglobin - Muscling genotype effects 
There was no significant interaction between muscling genotypes and muscle in the 
statistical model for protein or enzymatic analysis, hence average values are presented 
for each muscling genotype (Table 7-2). Muscle protein concentration was also a 
significant covariate for CS, PFK and LDH (P<0.05), but had no effect on ICDH 
activity. As protein increased from 35 to 73 mg/g, CS increased from 8.8±0.55 to 
14.8±0.68 μmol/min.g muscle tissue, PFK activity increased from 19.4±1.04 to 
29.8±1.34  μmol/min.g muscle tissue and LDH activity increased from 782±27 to 
1014±35 μmol/min.g muscle tissue. This positive correlation between enzyme activity 
and protein concentration in muscle would have accounted for some of the difference 
between genotypes and muscles, however even after correction for protein 
concentration, the differences between genotypes and muscles were still evident. The 
High steers did have less protein than the Low steers (P<0.05, Table 7-2) and the 
High
Het
 steers were not different from either group.   
The High muscling genotype steers had 4.92% lower activity of LDH than the Low 
muscled steers across all muscles (P<0.05), however the LDH activity for the High
Het
 
steers did not differ from either of the other genotypes. There was no difference 
between muscling genotypes for PFK activity (Table 7-2). The High muscling genotype 
steers had 10.27% higher CS activity than the Low muscled steers across all muscles 
(P<0.05). The High steers also had 12.2% and 23.1% higher ICDH activity than the 
Low and High
Het
 steers respectively (P<0.05), but there was no difference between 
muscling genotypes for myoglobin concentration (Table 7-2). 
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Table 7-2: Protein concentration (mg/g) from enzyme supernatant, lactate dehydrogenase 
(LDH), phosphofructokinase (PFK), isocitrate dehydrogenase (ICDH) and citrate synthase (CS) 
activities (μmol/min.g muscle tissue) and Myoglobin concentration (mg/g) for High, Low and 
High
Het
 muscling genotype Angus steers. Values are least-squares means ± s.e.m. 
 
 
 
 
 
Protein and enzyme values for muscling genotypes and muscles within rows followed by 
different letters 
A,B
 are significantly different (P<0.05)  
7.3.3 Enzymatics and protein – Effects of age 
There was a total of 136 days between biopsy 1 and 3, which were both taken using a 
live biopsy procedure. Over this time there was a significant change in muscle protein, 
LDH, PFK and CS activity (P<0.05), however, there was no effect of age on ICDH 
activity in any muscle (Table 7-3). There was also variation in protein concentrations 
and enzyme activities between biopsy 3 and slaughter (5 days apart) which is likely to 
be attributed to a change in sampling procedure rather than an effect of age, thus will 
not be discussed. 
As age increased, the concentration of protein increased in all muscles, however, the 
SM had the highest concentration of protein and the LTL had the largest increase in 
Variable 
Muscling Genotype 
Low High High
Het
 
Protein 52.80 ±0.65
A
 50.75 ±0.61
B
 52.94 ±1.18
AB
 
LDH 899.6 ±17.4
A
 855.3 ± 17.2
B
 885 ±26.8
AB 
PFK 24.57 ±0.50 23.87 ±0.48 22.88 ±0.92 
ICDH 4.62 ±0.16
B
 5.19 ±0.15
A
 4.21  ±0.29
B
 
CS 10.91 ±0.37
B
 12.02 ±0.35
A
 11.04 ±0.68
AB
 
Myoglobin  8.46 ±0.30 8.21 ±0.29 8.79 ±0.55 
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protein over time, while the protein increase over time was lowest in the ST (P<0.05, 
Table 7-3). The activity of LDH decreased in all muscles between biopsy 2 and 3 and 
was highest in the LTL and lower in the SM and ST at biopsy 2 and 3 (Table 7-3). The 
activity of PFK decreased in the LTL and SM (P<0.05), while age had no effect on PFK 
activity in the ST. The activity of PFK in the LTL and SM decreased between biopsy 1 
and 2 (P<0.05), but did not change as they aged further at biopsy 3 (Table 7-3). The 
activity of CS significantly decreased in all muscles as age increased (P<0.05) and had 
the highest activity in the SM and lowest in the ST at all biopsies (P<0.05, Table 7-3). 
ICDH activity did not change with age, however, its activity was highest in the SM and 
LTL and lowest in the ST at biopsies 2 and 3 (Table 7-3).     
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Table 7-3: Protein concentration (mg/g), lactate dehydrogenase (LDH), phosphofructokinase 
(PFK), isocitrate dehydrogenase (ICDH) and citrate synthase (CS) activities (μmol/min.g 
muscle tissue) for the Longissimus thoracis et lumborum  (LTL), M. semimembranosus (SM) 
and M. semitendinosus (ST) at each biopsy and at slaughter. Values are least-squares means ± 
s.e.m. 
 Biopsy 
Muscle 1 2 3 Slaughter 
Protein (mg/g) 
LTL 34.47 ±1.08
D
 46.70 ±1.06
C
 65.66 ±1.15
A
  58.67 ±1.06
B
 
SM 40.93 ±1.06
D
 50.31 ±1.06
C
 68.85 ±1.06
A
 60.07 ±1.06
B
 
ST 40.27 ±1.11
D
 45.72 ±1.06
C
 59.67 ±1.06
A
 54.65 ±1.06
B
 
LDH Activity (μmol/min.g muscle tissue) 
LTL 977 ±53.8
A
 1014 ±25.9
A
 863 ±36.1
B
 795 ±31.3
B
 
SM 968 ±37.9
A
 981 ±22.1
A
 720 ±40.5
B
 820 ±35.7
B
 
ST 929 ±40.0
A
 948 ±26.2
A
 761 ±27.1
B
 785 ±24.7
B
 
PFK Activity (μmol/min.g muscle tissue) 
LTL 30.34 ±1.39
A
 23.44 ±1.0
B
 23.06 ±1.30
B
 18.97 ±1.03
C
 
SM 28.29 ±1.16
A
 24.07 ±0.96
B
 21.12 ± 1.36
B
 23.11 ±1.07
B
 
ST 24.75 ±1.20
A
 25.04 ±1.02
A
 24.08 ±1.06
A
 19.03 ±0.97
B
 
CS Activity (μmol/min.g muscle tissue) 
LTL 13.94 ±0.69
A
 12.19 ±0.52
B
 8.05 ±0.65
D
 9.66 ±0.53
C
 
SM 21.29 ±0.58
A
 15.08 ±0.50
B
 10.88 ±0.68
C
 14.35 ±0.55
B
 
ST 9.03 ±0.61
A
 8.81 ±0.53
A
 5.69 ±0.54
C
 6.89 ±0.50
B
 
ICDH Activity (μmol/min.g muscle tissue) 
LTL 4.67 ±0.48
AB
 5.23 ±0.35
A
 5.99 ±0.45
A
 3.96 ±0.36
B
 
SM 5.15 ±0.4
A
 5.88 ±0.33
A
 6.17 ±0.47
A
 3.25 ±0.37
B
 
ST 4.30 ±0.42
A
 4.33 ±0.35
A
 4.28 ±0.37
A
 3.02 ±0.34
B
 
Values for each muscle within a row followed by different letters 
A,B,C,D
 are significantly 
different (P<0.05). 
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7.3.4 Muscle mineral content 
There was an effect of muscling genotype on iron concentration, however there was no 
difference between muscling genotypes within each muscle for zinc or copper 
concentration (Table 7-4). In the LTL, the High muscled genotype steers had an iron 
concentration about 27% higher than the Low (P<0.05) and the High
Het
 steers 
(P=0.077). In the SM and ST, there was no difference in iron concentration between the 
muscling genotypes.  Iron concentration also differed between muscles with the SM 
having the highest (2.78±0.10mg/100g), followed by the LTL (2.01±0.10mg/100g), and 
the ST (1.48±0.10mg/100g). 
Zinc and copper concentrations differed between muscles (P<0.01) but not between 
muscling genotypes (Table 7-4). The zinc concentration of the LTL was the highest, 
12.9% and 36.8% higher than the SM and ST. For copper, the concentration in the SM 
was highest, 30.1% and 101.8% higher than the LTL and ST. 
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Table 7-4: Iron (Fe) concentration within the High, Low and High
Het
 muscling genotypes, Zinc 
(Zn) and Copper (Cu) concentration averaged across the Longissimus thoracis et lumborum  
(LTL), M. semimembranosus (SM) and M. semitendinosus (ST).  Values are least-squares 
means ± s.e.m.  
 Muscling Genotype LTL SM ST 
Fe (mg/100g) High 2.34 ±0.13
dB
 2.75 ± 0.13
A 
1.46 ±0.13
C 
Fe (mg/100g) Low 1.86 ±0.14
eB
 2.54 ±0.14
A
 1.71 ±0.14
B 
Fe (mg/100g) High
Het
 1.84 ±0.25
eB 
3.06 ±0.25
A
 1.26 ±0.25
B 
Zn (µg/100g) - 3.25 ±0.09
A
 2.88 ±0.09
B
 2.37 ±0.09
C
 
Cu (mg/100g) - 61.68 ±2.50
B
 88.20 ±2.50
A
 43.71 ±2.50
C
 
Values across rows followed by different letters 
A, B, C
 are significantly different (P<0.05). 
Values for muscles within columns for iron followed by different letters 
d,e
 are significantly 
different (P<0.05). 
7.3.5 Retail colour stability 
In the commercially valuable LTL muscle, there was no significant effect of muscling 
genotype on colour stability over a period of 168 hours (7 days). This was demonstrated 
by the ratio of oxymyoglobin to metmyoglobin (oxy:met) which decreased from 9.41 
±0.23 to 3.56 ±0.31 as display time increased from 6 to 168 hours, but did not differ 
between genotype throughout this period. There was also no effect of muscling 
genotype on lightness (L
*
) of the LTL, but with increasing time on display, the lightness 
decreased from 37.7±0.51 to 36.8±0.51 from 6 to 168 hours. There was also no effect of 
muscling genotype on redness (a*) or yellowness (b*) of the LTL at any time point. 
Redness decreased from 28.5±0.26 to 16.9±0.37 and yellowness reduced from 
25.9±0.35 to 19.1±0.50 as retail display time increased from 6 to 168 hours. 
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7.3.6 Ultimate pH and pH declines 
The ultimate pH (pHu) of the high muscling genotype steers was 5.47±0.005 which was 
lower than that of the Low (5.49±0.006) and High
Het
 (5.49±0.01) genotype steers 
averaged across all muscles (P<0.05). However, there was no effect of muscling 
genotype on any aspect of pH decline post-mortem in the LTL, SM or ST. This was the 
case for both the raw and temperature adjusted pH declines. However, there was a 
difference between muscles which was still present in the temperature adjusted pH 
decline data. For the raw data of the ST and LTL, both had a higher pHk (P<0.05), 
lower pH at 2 hours (P<0.05), higher temperature at pH6 (P<0.05), and shorter time to 
pH6 (P<0.05) compared to the SM (Table 7-5). The LTL and ST also had a higher pHu 
than the SM (P<0.05).  
Table 7-5: Non-adjusted pH decline constant, temperature and pH at 2 hours post mortem, 
temperature and time at pH 6 in the Longissimus thoracis et lumborum  (LTL), M. 
semimembranosus (SM) and M. semitendinosus (ST).  Values are least-squares means ± s.e.m. 
 Muscle 
Parameter LTL SM ST 
pHu 5.5 ±0.01
A
 5.46 ±0.006
B
 5.49 ±0.006
A
 
pHk 1.02  ±0.126
A
 0.44 ±0.126
B
 0.99 ±0.126
A
 
Temp. at 2 hrs 34.8 ±0.336 34.7 ±0.336 35.1 ±0.336 
pH at 2 hrs 5.88 ±0.049
B
 6.21 ±0.049
A
 5.95 ±0.049
B
 
Temp. at pH=6 35.1 ±0.724
A
 32.4 ±0.724
B
 36.2 ±0.724
A
 
Time at pH=6 1.75 ±0.187
B
 3.16 ±0.187
A
 1.93 ±0.187
B
 
Values within rows followed by different letters 
A,B
 are significantly different (P<0.05) 
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7.4 Discussion 
7.4.1 Myofibre and enzymatic characteristics 
The muscle tissue of the High muscle genotype steers had less fast-twitch glycolytic 
type IIX and a higher percentage area of type IIAX myofibres in the LTL than the Low 
muscled steers.  There were no other myofibre differences evident, rejecting our initial 
hypothesis that high muscled steers would have a greater proportion of glycolytic and a 
lower proportion of oxidative myofibres. In addition to this the High muscling cattle had 
lower LDH activity, and greater activities of CS and ICDH in the LTL, SM and ST 
contrasting with our initial hypotheses. None-the-less these results align well with the 
lower proportion of type IIX myofibres in the LTL of the High muscled steers. This 
indicates a decreased glycolytic and increased oxidative capacity in the muscle of these 
steers.  
The findings in this study contradict those from literature which show that selection for 
greater muscle mass in cattle increases the proportion of type IIX myofibres (Sudre et 
al., 2005; Picard et al., 2006). Sudre et al. (2005) and Bernard et al. (2009) also state 
that high muscle potential is associated with increased expression of genes associated 
with glycolysis and decreased expression of genes associated with oxidative 
metabolism. Although these studies generated good extremes in muscling, neither of 
them demonstrated that this selection occurred in the absence of the myostatin mutation. 
There is ample evidence (Swatland and Kieffer, 1974; McPherron and Lee, 1997; 
Wegner et al., 2000; Greenwood et al., 2006b), including the results from this study, 
that the myostatin mutation causes a marked increase in Type IIX fibres, associated with 
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increased muscle growth. As such it is the proven lack of this mutation within our study 
that may underpin the contrast with these earlier works.  
Another alternative theory may be explained by the difference in muscling selection 
strategies used across the various studies. In the experiments by Sudre et al. (2005) and 
Bernard et al. (2009), cattle were simultaneously selected for increased muscle and 
reduced fatness at a given weight, which is in contrast to this study where cattle were 
selected for increased muscularity alone. This may highlight that it is actually selection 
for reduced fatness that impacts upon fibre type, and given that previous muscling 
experiments have always been confounded by simultaneous selection for reduced 
fatness, this may explain the contrast of these earlier studies with our results.   
In the SM and ST the average cross-sectional area of all myofibres in the High muscled 
cattle were larger than the Low muscled steers. This even increase in myofibre size 
across all fibre types meant that there was no shift in myofibre proportion of cross-
sectional area between the High and Low muscled cattle in the SM or ST. The increased 
myofibre size does indicate greater muscle mass in the high muscling genotype animals 
through cellular hypertrophy, a result that is consistent with the higher beef yield and 
larger eye muscle areas evidenced in these animals at slaughter (Chapter 3). Thus by 
having larger cross sectional area than the Low muscled animals, the High steers have 
increased muscle growth potential without decreasing the oxidative capacity of the 
muscle.  
The steers with a myostatin mutation had a larger cross-sectional area, a higher 
proportion of total myofibre area and a higher percentage of type IIX myofibres than the 
High or Low muscling steers in the ST. These differences were not evident in the LTL 
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or SM, therefore these result only partially support our hypothesis. These results align 
with those of Wegner et al. (2000) and Greenwood et al. (2006b) where differences in 
myofibre cross-sectional area, proportion and number of glycolytic fibres were higher in 
cattle with a myostatin mutation than in homozygous wild-type cattle. Thus the increase 
in retail beef yield in these High
Het
 steers compared with both the High and Low 
muscling genotype steers (Chapter 3) is delivered through cellular hypertrophy of all 
myofibres, combined with an increased proportion of type IIX myofibres which have 
the largest cross sectional area.  
The High
Het
 steers also had a lower activity of ICDH than the High steers, indicating a 
lower oxidative capacity, and aligning well with the greater proportion of type IIX 
myofibres compared to the High muscled steers.  
The results from this study are very important for the beef industry as they show that 
gains in retail beef yield can be achieved (Chapter 3) without increasing the glycolytic 
capacity of the muscle, thus having no fibre-type related impact on meat quality.  
7.4.3 Minerals 
The High muscled cattle had a higher concentration of iron in the LTL than the Low 
muscled steers and the steers with the myostatin mutation had higher iron concentration 
in the SM, while there was no difference between genotypes in the ST. Furthermore, 
there was no difference in zinc or copper concentrations between muscling genotypes, 
hence our initial hypothesis was rejected for all minerals. There was also no impact of 
selection for muscling on myoglobin concentration which is also strongly correlated 
with mineral concentrations. These results suggest that selection for muscling in beef 
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cattle can be achieved without reducing the mineral concentrations of iron, zinc and 
copper. This is extremely important as red meat is purchased by consumers in 
preference over chicken or pork due to its superior nutritional value of minerals like 
iron. These superior mineral qualities have been proposed as a key marketing tool for 
red meat into the future (Pethick et al., 2006).  
The reduction in glycolytic fibres in the LTL of the high muscled genotype steers is 
likely to be correlated with the increase in iron in the LTL. It is clear from other species 
that animals with more glycolytic myofibres like pigs and chicken have a lower 
concentration of iron, zinc and copper compared with beef (Gerber et al., 2009), while a 
study by Estévez et al. (2003) also showed that commercially produced pigs had around 
70% lower iron concentration than free-range reared Iberian pigs. Thus it could be 
expected that genetically divergent cattle with a higher concentration of glycolytic 
fibres (Wegner et al., 2000) may actually have less iron, an effect that needs to be 
monitored in „double muscled‟ cattle. 
7.4.4 pH declines 
Contrary to our initial hypothesis, there was no effect of muscling genotype on rate of 
pH decline, pH or temperature at 2 hours post mortem or temperature and time at rigor 
(pH6). However, the processing conditions where these animals were slaughtered had 
excessive electrical stimulation and inadequate chilling, generating a rapid decline in pH 
across all muscling genotypes and a large proportion of carcasses that were exposed to 
heat toughening conditions (Thompson, 2002). However, given that the High muscled 
steers tended to have more oxidative muscle, it can be assumed that there would have 
been no negative effect of selection for muscling on pH decline.    
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7.4.5 Meat colour and stability 
Muscling genotype had no effect on oxymyoglobin to metmyoglobin ration, lightness 
(L
*
), redness (a*) or yellowness (b*) values at any time of retail display.  Thus, 
muscling genotype did not affect the retail colour stability of the LTL, rejecting our 
initial hypothesis. It is well documented that muscle with a higher proportion of type I 
myofibres has lower colour stability with a faster transition to metmyoglobin over time 
causing a brown pigmentation (Renerre, 1984). This aligns well with the fibre type 
results as there was no difference in the proportion of type I myofibres, generating no 
change in colour stability between genotypes.  
Lightness of meat is closely linked to the quantity of myoglobin and the proportion of 
fast-twitch type IIX myofibres (Larzul et al., 1997; Choe et al., 2008). Although there 
were less type IIX myofibres in the LTL of the High steers, there was also no difference 
in myoglobin, possibly cancelling out any variation in paleness/lightness of the LTL as 
measured during retail display. It is also possible that the greater aerobicity in the 
muscle of the High cattle may not have been sufficient to cause variation in colour 
stability.   
7.4.6 Effect of age on enzyme activity  
As age increased the activity of the oxidative enzyme ICDH increased in the SM and 
LTL, while the activity of the glycolytic enzyme LDH decreased in all muscles. The 
activity of the glycolytic enzyme PFK also decreased over time in the SM and LTL. All 
these results supported our initial hypothesis, indicating that as animals age, the muscle 
becomes more oxidative with the reduction of glycolytic myofibres and increase in 
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proportion of oxidative myofibres. This finding supports that of Brandstetter et al. 
(1998) who found a reduction in type I myofibres as Montbeliard bulls increased in age 
from 8 to 16 months. However, the activity of LDH or ICDH in the ST did not change 
as the animals in this study aged, possibly indicating a stabilisation of myofibre 
proportions in the ST earlier in life than 18 to 24 months which was the range of ages 
examined in these animals. The activity of the oxidative enzyme CS decreased as the 
steers aged which is contrary to the hypothesis, but the activity was higher in the 
oxidative SM and LTL muscles compared to the ST muscle. 
7.5 Conclusions 
The high muscled animals had less fast-twitch glycolytic type IIX myofibres in the LTL 
and larger average cross-sectional area of myofibres in the SM and ST than the low 
muscled counterparts. This suggests that myofibre hypertrophy may be a possible 
mechanism leading to greater muscle mass of these high muscled animals. This 
indicates that breeding more muscular cattle can actually maintain the oxidative 
capacity of the muscle, which was supported by the enzymatic results, which showed 
that the High muscled steers had lower activity of LDH and higher activity of CS and 
ICDH. The High muscled cattle also had a higher concentration of iron in the LTL, but 
no difference in pH decline or retail colour stability compared to the low muscled cattle. 
Furthermore, the animals with a mutant myostatin gene had more glycolytic type IIX 
myofibres in the ST combined with larger average cross-sectional area of myofibres in 
the SM and ST than the low muscling counterparts. These two mechanisms are 
delivering greater muscle mass in these animals, yet there was no detrimental impact on 
pH declines, mineral content or colour stability.  
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Chapter 8. Increased eye muscle area, lower 
ossification score and improved nutrition are 
associated with reduced ultimate pH in cattle  
8.1 Introduction 
Dark-cutting in beef carcasses is one of the largest problems affecting meat quality 
world-wide. Dark cutting is caused by muscle glycogen levels below about 60 µmol/g at 
slaughter (Tarrant, 1989).  Glycogen is the metabolic substrate, which is utilised to 
produce lactate anaerobically through glycolysis post-mortem, which reduces the pH of 
meat from neutral to an ultimate pH (pHu) around 5.5. Thus, low glycogen at slaughter 
results in low lactate production post-mortem and subsequent high pHu. Meat Standards 
Australia (MSA) stipulate that carcasses must have a pHu less than 5.7 in order to be 
eligible for grading (Thompson, 2002) as carcasses above this threshold have darker 
meat colour, shorter shelf life, bland flavour, variable tenderness and resist cooking, 
thus impacting on degree of doneness (Purchas and Aungsupakorn, 1993; Ferguson et 
al., 2001; Thompson, 2002). The colour of meat is the primary tool used by consumers 
to predict quality (Hendrick et al., 1994), therefore dark cutting severely affects 
purchasing decisions. In 2009, MSA graded 1,157,781 cattle in Australia and 5.45% had 
a pHu greater than 5.7 (MSA, 2010). Due to its effect on quality, beef producers are 
commonly penalised around $AUD0.50 per kg carcass weight for carcasses with a pHu 
greater than 5.7. This penalty equates to a cost of around $7.09 per animal graded under 
MSA in 2009 to producers alone, calculated using the average carcass weight of 260kg.     
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Muscle glycogen at slaughter is a function of resting muscle glycogen „on-farm‟ minus 
the quantity of glycogen loss due to stressors during the pre-slaughter period. Thus 
animals with low resting glycogen concentrations, which undergo similar pre-slaughter 
stress, are more susceptible to dark cutting. Considerable research over the past few 
decades has increased knowledge of the causes of dark cutting, enabling beef producers 
to put in place best management practices to minimise its incidence. However, there are 
still commonly variations in pHu within a herd from the same pre-slaughter environment 
causing some to be dark, firm and dry, which may be attributed to intrinsic 
physiological differences between animals.  
One cause of this physiological variability may be associated with the extent of muscle 
expression in individual animals and the resultant possible change in muscle fibre types. 
Selection for increased muscling is known to cause a shift in muscle fibre type, 
increasing the proportion of fast glycolytic type IIX myofibres (Wegner et al., 2000), 
while younger cattle also express greater proportions of fast glycolytic type IIX 
myofibres (Brandstetter et al., 1998). Shift in fibre type proportions is likely to lead to 
metabolic changes in muscle, as shown in Chapters 5 and 6 and by Martin et al. (2011) 
who demonstrated that more muscular cattle and lambs are more responsive to insulin, 
less responsive to adrenaline and had a higher storage of muscle glycogen(Chapter 6). 
Therefore younger cattle and more muscular cattle are both likely to have increased 
glycogen at slaughter and a reduced incidence of dark cutting syndrome.  
The level of whole body adiposity as measured by rib fat depth and MSA marbling 
score are generally negatively correlated with muscularity. More muscular animals have 
higher muscle to fat ratio (Perry et al., 1993b; O'Rourke et al., 2009) and have more 
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stress responsive adipose tissue to adrenaline (Chapter 6), which partially explains the 
leanness of these animals. This indicates that under stressful conditions pre-slaughter, 
high muscled cattle utilise adipose tissue for energy production to a greater extent than 
low muscled cattle.  However, there is no evidence to suggest that quantity of adipose 
tissue has any affect on glycogen storage at slaughter.  
This paper investigates what variance in pHu can be explained by carcass phenotype 
measurements recorded by MSA. It was hypothesised that more muscular animals with 
a larger eye muscle area and younger animals with a low ossification score will have a 
reduced incidence of dark cutting, while there will be no effect of MSA marbling or rib 
fat depth on average pHu.  
8.2 Materials and Methods     
Since 1996 MSA have identified critical control points from the production, processing, 
value adding and cooking sectors of the beef supply chain in Australia that impact on 
eating quality and combined these into the MSA grading system (Thompson, 2002). 
This paper describes the analysis of MSA data from a Western Australian meat 
processor. The data set contained individual carcass measurements for 204,071 
carcasses graded under MSA between February 2002 and December 2008.   
8.2.1 Producer and processor requirements 
Producers and processors must comply with a set of conditions aimed at reducing pre-
slaughter stress and optimizing processing conditions to be eligible to grade carcasses 
under the MSA grading system. A producer must declare on the national vendor 
declaration the Bos indicus percentage and if the cattle can be classed as milk fed vealer. 
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The cattle can be sourced from saleyards however cattle must not be mixed in lairage 
and also must be killed within 24 hours after dispatch (Thompson, 2002). The carcasses 
must also be dressed according to AUS-MEAT standard specifications (AUS-MEAT, 
1998).   
8.2.2 Carcass measurements 
In order to generate an individual palatability score for each carcass, carcass 
measurements are required for the MSA prediction model. Carcass measurements are 
taken by graders accredited with both MSA grading and AUS-MEAT chiller assessment 
(MLA, 2006). The carcass measurements include: 
 Gender (steer/heifer) 
 Hump height is measured in gradients of 5mm and is primarily used to verify the 
tropical breed content declared on the vendor declaration (MLA, 2006). 
 Fat colour is determined from the intermuscular fat lateral to the rib eye muscle. It is 
assessed on the chilled carcass and scored against the AUS-MEAT fat colour 
reference standards (AUS-MEAT, 2005) – this is not an MSA requirement but is 
recorded by the abattoir 
 Meat colour is the predominant colour of the rib eye muscle (longissimus thoracis et 
lumborum). It is measured on the chilled carcass at the bloomed rib eye muscle face 
and is scored against AUS-MEAT colour reference standards (AUS-MEAT, 2005). 
Meat colour has a scale of 1 to 7, with carcasses in the range of 1B to 3 acceptable 
for MSA. 
 MSA Marbling score is a measure of the fat deposited between individual fibres in 
the rib eye muscle ranging from 100 to 1100 in increments of 10. Marbling is 
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assessed at the quartering site of the chilled carcass and is calculated by evaluating 
the amount, piece size and distribution of marbling in comparison to the MSA 
reference standards (Romans et al., 1994; AUS-MEAT, 2005; MLA, 2006) 
 Rib fat depth is the depth of subcutaneous fat in millimeters. It is measured at the 
quartering site in the chilled carcass approximately 75% of the way along the rib eye 
muscle (AUS-MEAT, 2005). 
 Ossification score is measured following the guidelines from the United States 
Department of Agriculture (Romans et al., 1994). Ossification provides a scale 
between 100 and 590 in increments of 10 for MSA which is an assessment of 
physiological age of a bovine carcass. It is a measure of the calcification in the 
spinous processes in the sacral, lumbar and thoracic vertebrae (AUS-MEAT, 2005).  
 Ultimate pH (pHu) and loin temperature is measured in the rib eye muscle 
(longissimus thoracis et lumborum) of the chilled carcass at the quartering site 
approximately 20hrs post-mortem.  Temperature and pH are measured using an 
MSA approved TPS MC-80 or TPS WP-80M ph Meter (TPS Pty Ltd., Springwood, 
Brisbane, Qld, 4127, Australia). pH and temperature probes should be inserted into 
the muscle in close proximity to each other with enough time allowed for reading to 
be stabilised. MSA grading cannot commence if the loin temperature is above 12°C 
(AUS-MEAT, 2005).   
 Hot standard carcass weight (HSCW) – measured at the end of the slaughter chain in 
kilograms with carcasses dressed to AUS-MEAT carcass standards (AUS-MEAT, 
2005) 
 Eye muscle area (EMA) is measured using the AUS-MEAT EMA standard grid as 
the number of square centimetres of longissimus thoracis et lumborum at the 
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quartering site (AUS-MEAT, 2005) – this is not an MSA requirement but is 
recorded by the abattoir 
8.2.3 Data analysed 
From February 2002 till December 2008, there were 204, 071 carcasses graded at the 
processing plant and 8.75% had a pHu greater than 5.7. The numbers of carcasses 
graded from each year are given in Table 8-1 along with descriptive statistics for 
HSCW, EMA, ossification, rib fat and MSA marbling. The numbers graded in 2002 are 
the smallest as MSA grading did not commence in full until late February that year, 
while in 2008, the numbers graded almost doubled on the previous year due to company 
policy to increase throughput and reduce production costs. Average ossification over 
each year has decreased slightly, indicating the animals are younger at slaughter. Both 
EMA and MSA marbling have increased since 2002, while rib fat depth has averaged 
between 8 and 11mm and is assumed to reflect the differences in animal nutrition 
between years.   
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Table 8-1: Within year descriptive statistics for the number of carcasses graded and means ± standard deviations for hot standard carcass weight 
(HSCW), eye muscle area (EMA), ossification (Oss), rib fat and MSA marbling (MSAMarb) with minimum and maximum values in brackets 
Year No. Graded HSCW (kg) EMA (cm
2
) Oss (100-590) Rib Fat (mm) MSAMarb (100 – 1100) 
2002 17043 257±34.12 (136:597) 65.7±8.3 (32:150) 154.9±19.15 (100:400) 8.0±3.46 (0:56) 234.7±80.64 (110:650) 
2003 15220 240±42.42 (112:658) 64.76±7.56 (30:150) 145.7±19.35 (100:410) 7.5±3.16 (0:56) 274.0±70.32 (110:860) 
2004 28633 261±52.02 (105:533) 67.23±7.15 (30:150) 152.4±22.99 (100:500) 10.1±4.68 (0:60) 313.1±57.53 (120:880) 
2005 25727 251±46.43 (101:498) 68.13±7.03 (30:150) 146.9±21.89 (100:480) 9.5±5.06 (0:60) 293.1±55.45 (100:940) 
2006 26944 244±51.5 (127:673) 69.28±8.55 (30:150) 146±20.05 (100:320) 10.3±4.88 (0:41) 295.7±70.89 (120:990) 
2007 36026 256±69.31 (112:588) 71.17±10.68 (30:150) 149.7±20.56 (100:430) 10.9±5.32 (0:58) 326.5±64.11 (100:1050) 
2008 54477 239±33.82 (117:464) 69.69±7.96 (30:150) 138.5±13.78 (100:500) 8.2±3.14 (0:58) 327.4±38.31 (130:1100) 
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8.2.4 Statistical analysis 
Data was analysed in two ways, firstly to assess the impact of variables on mean pHu 
(mean pHu analysis), and secondly to assess the impact on compliance rate.  
Mean pHu analysis 
The effect of variables on pHu was analysed using a linear mixed effects model which 
can be represented by 
 
where X represents the design matrix of fixed effects, β are the coefficients of the fixed 
effects, Z is the design matrix for the random effects and u are the random effect 
coefficients, with ε representing the random error term. 
Compliance assessment 
Carcass compliance for pHu less than 5.7 was also analysed. Within this model, the 
probability of a carcase complying (Yi=0) or failing (Yi=1) can be represented by: 
and  
The model is represented as:  
 
where logit is the usual canonical link (McCullogh and Nelder, 1989) for binomial data. 
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β represents the fixed effects in the model, u the random effects, and ε is the random 
error.  
For both the mean pHu and compliance models, the variance structure of the model can 
be represented as: 
 
with the random, fixed and error terms being treated as independent. 
Parameters were estimated using a Bayesian analysis, with prior distributions for the 
unknown parameters taken to be: 
 
 
 
 
The purpose of the prior distribution is to define knowledge of the parameters before 
collection of data, or base the priors on previous experimental data collection, hence 
making the model an accumulation of existing knowledge and new data. In this case, 
minimal prior information about the parameters was available, so vague priors which 
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summarise the known likely range of the parameters were used. Representations of 
these densities for β0, G and R are given in Figure 8-1.  
 
 
 
    
Figure 8-1: Representation of the prior distribution densities for G, β0 & R. 
The chosen prior distributions are from conjugate families, meaning that using Bayes 
rule, the product of the likelihood and the prior will result in a distribution from the 
same family. This in turn allows the estimation of the parameters using the Monte Carlo 
Markov Chain (MCMC) technique known as the Gibbs sampler, which updates 
parameters individually using their full conditional distribution. This is advantageous, 
as the joint distribution of the unknown parameters is difficult to sample directly, 
however, the full conditional distributions are from known densities, and as such, are 
relatively easy to sample. 
For the analysis of mean pHu, only significant fixed terms (P<0.05) were retained. 
These included HSCW, EMA, ossification, MSA marbling, rib fat, loin temperature at 
time of grading, season (Summer, Autumn, Winter, Spring), gender (steer or heifer), 
finishing system (sourced from an Australian Lot Feeders Association accredited feedlot 
otherwise cattle were assumed to be grass fed), tropical breed content (percentage of bos 
indicus from 0 to 100%), lot size (from 1 to 188) and the interaction between finishing 
system and season. HSCW was also divided into two groups of less than and greater 
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than 350kg, given that preliminary data analysis suggested that the linear impact of 
HSCW was greater in carcases which were <350 kg. The carcasses were divided into 2 
weight categories as they represent the heavy export and lighter domestic type animals.  
These two HSCW categories  were interacted with rib fat, EMA, ossification, and MSA 
marbling. MSA Grader, producer, year (from 2002 to 2008) and the interaction between 
season and year were included in the model as random terms. Exactly the same fixed 
terms were then used in the logit analysis to assess pHu compliance , irrespective of 
significance. 
The Gibbs sampler was run for 100000 iterations, with a burn-in of 25000 iterations and 
a thinning of 100. The large burn-in was used to allow the MCMC chain to settle due to 
the vague priors and starting values. Thinning was used to reduce the auto-correlation in 
the MCMC chains from which the parameters are estimated. The models were fitted 
using the package MCMCglmm (Hadfield, 2010) in the R statistical analysis software 
(R Development Core Team (2008). 
The probability of non-compliance can be visualised using the schematic back 
transformation of the logit scale in Figure 8-2. An overall coefficient value (Xβ) of zero 
represents 50% probability of having a pHu greater than 5.7, and as values become more 
negative, the probability of non-compliance decreases. Figure 8-2 probabilities of 
having a pHu>5.7 are calculated using the back-transformation  
 
where X is the design matrix of fixed effects and β are the estimated model coefficients. 
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Figure 8-2: Probability of non-compliance is given by the back transform of the logit function 
used in the generalised linear model analysis. 
8.2.5 Results interpretation 
The effects of each parameter in the logit model are stated in Table 8-3 as mean 
estimates, for example -0.006847 for HSCW. To estimate the probability of having a 
pHu > 5.7, -0.006847 is multiplied by the positive value of HSCW, which implies that 
the heavier the carcass, the lower the probability of non-compliance when back 
transformed on the logit scale (Figure 8-2). Whereas, the parameter estimate for male 
castrates was positive (0.118139), implying that carcasses from male castrates are more 
likely to have a value of pHu > 5.7 than the female carcasses in the model. However, as 
the data are naturally unbalanced, care must be taken when viewing the coefficients in 
isolation. 
The credible intervals (CI) in Table 8-3 are the 95% cut-off for values in the MCMC 
chain. If zero is not contained in the 95% CI, then this effect is significant at the 5% 
level. Additionally, a p-value was calculated which is the proportion of values in the 
MCMC that are greater than zero, if the estimated parameter is negative, and visa versa. 
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This provides a level of confidence in the significance of the effect of a parameter in the 
model. 
To represent the effect of the significant parameters, a method of conveying these 
results was established. To account for the wide range and unbalanced data that existed 
for most parameters, the mean estimated probability for each data point was calculated 
from the respective model, and then the mean response for each variable was predicted 
using the non-parametric method of loess smoothing to average over the values of the 
other variables in the data set. Due to the restriction of computing power for a data set 
this large, fitting the loess function for all data points using the standard R package was 
unachievable on a standard PC. To obtain mean estimates and standard error of this 
mean, a simulation study was conducted. In this study, 1000 carcases from the data set 
were chosen randomly and the loess estimate of the mean over the range of the chosen 
elements was calculated. This was repeated 5000 times in order to obtain a mean of 
these responses and its standard error. These are the means and standard error lines 
displayed in the graphs in the results section. 
8.3 Results 
8.3.1 Season, sex and nutrition effects on pHu 
Sex had a significant impact on both the mean pHu of carcasses and non-compliance of 
carcasses (P<0.0001, Table 8-3). The carcasses from steers had an average pHu 0.00414 
units higher than the heifer carcasses which equates to an increase in non-compliance of 
1.21% units (Table 8-3). Finishing system also had an effect on mean pHu of carcasses 
and non-compliance of carcasses (P<0.0001, Table 8-3) where grain finished cattle had 
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a mean pHu 0.046 units lower and around 5.39% less carcasses classified as dark cutters 
based on pH. There was an effect of season on mean pHu within feedlot cattle (Table 
8-3). Carcasses from feedlot finished cattle in spring had a mean pHu 5.2x10
-3
 units 
higher than those slaughtered in Autumn, while those slaughtered in summer were 
9.6x10
-3
 units lower.     
These effects differed from the raw data means (Table 8-2), particularly for sex, 
highlighting the importance of avoiding simplistic interpretation of raw data means. The 
raw data does show the large variation between years with the proportion of non-
compliant carcasses being lowest in 2002 (5.98%) and highest in 2006 (12.54%, Table 
8-2), emphasising the importance of having this term as a random effect in the model.   
202 
 
Table 8-2: Descriptive statistics of raw data for number of carcasses graded, mean pHu , 
standard deviation, minimum pHu, maximum pHu, and percentage of carcasses with pHu 
≥5.7 for each year, month, gender and finishing system.  
Parameter No. Mean Std. Dev. Minimum Maximum %pHu≥5.7 
Year  
2002 17043 5.538 0.126 5.30 6.96 5.98 
2003 15220 5.558 0.118 5.30 7.04 6.69 
2004  28634 5.561 0.133 5.30 6.94 6.46 
2005 25727 5.564 0.138 5.33 7.14 6.46 
2006  26944 5.601 0.168 5.32 7.12 12.54 
2007  36026 5.595 0.157 5.33 7.14 9.23 
2008  54477 5.602 0.138 5.30 7.02 10.26 
Month  
January 9437 5.621 0.194 5.3 6.98 15.09 
February 11428 5.590 0.164 5.32 7.02 10.40 
March 18473 5.577 0.153 5.3 6.96 7.93 
April 21709 5.572 0.143 5.3 7.14 7.11 
May 26826 5.553 0.109 5.3 7.12 4.83 
June 19002 5.566 0.117 5.32 7.14 6.77 
July 19780 5.561 0.117 5.3 6.91 5.84 
August 17845 5.564 0.115 5.36 6.98 7.01 
September 15968 5.595 0.142 5.34 6.98 11.21 
October 14767 5.605 0.146 5.3 6.94 11.60 
November 16339 5.611 0.166 5.37 7.02 11.95 
December 12497 5.629 0.189 5.35 7.04 14.24 
Gender 
Female 85091 5.591 0.154 5.3 7.14 10.13 
Male 118980 5.575 0.137 5.3 7.14 7.76 
Finishing System 
Grass fed 154173 5.588 0.150 5.3 7.14 9.66 
ALFA Accredited Feedlot 49898 5.561 0.124 5.3 7.12 5.92 
Total       
Total 204071 5.582 0.145 5.3 7.14 8.75 
    
203 
 
8.3.2 Animal phenotype effects on pHu 
Carcass weight had a significant effect on mean pHu and pHu compliance (P<0.0001, 
Table 8-3). The proportion of carcasses with a pHu >5.7 decreased in a curvelinear 
fashion from around 18% to 5% as HSCW increased from 150kg  to around 220kg. 
Beyond this point,  the proportion of pHu>5.7 continued to decrease, but at a slower rate 
(Figure 8-3).   
  
Figure 8-3: Estimated mean (solid line) and standard deviation (dashed lines) for the effect of 
hot standard carcass weight on the probability of pHu being greater than 5.7. Mean estimated 
probabilities of each raw data point is included to show the range of the data. The dotted line is 
the mean pH compliance rate of all carcasses.  
Eye muscle area when adjusted for HSCW had an effect on mean pHu and carcass pHu 
compliance (P<.0001, Table 8-3). In lighter carcasses (<350kg) the effect of EMA was 
greater than in heavy carcasses, as shown by the significant interaction between the two 
terms in the model (P<0.0001, Table 8-3, Figure 8-4). In the light carcasses (<350kg), 
as EMA increased from 40 to 80cm
2
, the proportion of non-compliant carcasses with a 
pHu >5.7 decreased from around 22% to 6%, while in heavy carcasses the non-
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compliance level dropped from around 8% to 3% as EMA increased from 50 to 80cm
2
. 
There were minimal improvements in pHu compliance in both light and heavy carcasses 
as EMA increased above around 85 cm
2
.  
 
Figure 8-4: Estimated mean (solid line) and standard error (dashed lines) for the effect of eye 
muscle area pHu compliance in carcasses <350kg  and >350kg (B). Mean estimated probabilities 
of each raw data point are included to show the range of the data.  
 
(A) 
(B) 
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Table 8-3: Co-efficient estimates for the mean, 95% credible interval (CI) and p-values for fixed effects in the linear model of mean pHu and generalised 
linear model of pHu compliance. P-values represent the proportion of MCMC estimates that support significance.  
  GLM model analysis of Mean pH  Logit model analysis of pH compliance  
  Mean  2.5% CI 97.5% CI p-value Mean  2.5% CI 97.5% CI p-value 
Intercept 5.44 3.92 6.78 0 -2.09 -3.41 -0.744 0.0013 
HSCW -0.000146 -0.000237 -6.10E-05 0 -0.00685 -0.0126 -0.00195 0 
EMA -0.000534 -0.00084 -0.000233 7.00E-04 -0.0488 -0.0654 -0.0287 0 
Ossification 0.000958 0.000763 0.00115 0 0.0284 0.0231 0.0343 0 
Ossification
 2
 -1.00E-06 -2.00E-06 -1.00E-06 0 -4.70E-05 -6.50E-05 -3.00E-05 0 
MSA Marbling -3.40E-05 -6.70E-05 -2.00E-06 0.018 0.000181 -0.00232 0.00204 0.419 
Rib fat -0.000743 -0.00124 -0.000219 0.004 -0.0554 -0.102 -0.0233 0 
Sex - Male 0.00414 0.00248 0.0057 0 0.118 0.0789 0.159 0 
Loin Temperature -0.00229 -0.00263 -0.00195 0 -0.0221 -0.031 -0.0113 0 
Finishing System - Feedlot -0.0463 -0.0811 -0.0113 0.0067 -0.736 -1.017 -0.431 0 
Tropical breed content -0.000266 -0.000341 -0.000189 0 -0.00657 -0.00934 -0.00394 0 
Lot Size -6.20E-05 -9.40E-05 -3.40E-05 0 -0.00192 -0.00281 -0.00105 0 
Season -Spring 0.0497 -0.730 0.847 0.44 0.148 -0.628 0.983 0.364 
Season - Summer 0.0408 -0.749 0.827 0.463 0.447 -0.349 1.23 0.13 
Season - Winter 0.0249 -0.818 0.841 0.481 -0.0744 -0.889 0.758 0.443 
Season - Spring:Feedlot 0.00524 9.60E-05 0.0102 0.0227 0.0775 -0.0505 0.206 0.123 
Season - Summer:Feedlot -0.00962 -0.0154 -0.00383 0 -0.123 -0.318 0.0644 0.109 
Season - Winter:Feedlot 0.000336 -0.00334 0.00387 0.42 0.0161 -0.0871 0.123 0.379 
 
Coefficient adjustments for carcasses <350 kg 
HSCW <350kg -4.00E-05 -0.000126 5.00E-05 0.201 0.0013 -0.0039 0.00715 0.363 
Rib fat: HSCW<350kg -0.000807 -0.00135 -0.000281 0.0027 0.00699 -0.0256 0.0553 0.359 
EMA: HSCW<350kg -0.00049 -0.00079 -0.000183 0.002 0.021 0.00134 0.0369 0.02 
MSA Marbling: HSCW<350kg 9.50E-05 6.10E-05 0.00013 0 0.00113 -0.000795 0.00369 0.168 
 
Coefficient adjustments for carcasses >350 kg 
Ossification: HSCW>350kg -5.90E-05 -0.000191 6.80E-05 0.1847 0.00945 0.00251 0.0159 0.0067 
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Rib fat levels had a significant effect on both non-compliance (pHu >5.7) and mean pHu 
(P<0.0001, Table 8-3). As rib fat depth increased from 0 to 20 mm, the proportion of 
non-compliant carcasses with a pHu>5.7 decreased from around 14% to 4% (Figure 
8-5). There were no further improvements in pHu compliance as rib fat depth increased 
above 25 mm (Figure 8-5).  
  
Figure 8-5: Estimated mean (solid line) and standard errors (dashed lines) for the effect of rib fat 
depth on the probability of pHu being greater than 5.7. Mean estimated probabilities of each raw 
data point are included to show the range of the data. The dotted line is the mean pH compliance 
rate of all carcasses. 
Ossification had a significant effect on mean pHu and pHu compliance of carcasses 
(P<0.0001, Table 8-3). In lighter carcasses (<350kg), pHu non-compliance increased 
from around 6% to 20% as ossification score increased from 100 to 300 (Figure 8-6) 
with the biggest increases occuring at ossifications scores above 200. While in heavy 
carcasses, non-compliance increased from around 0% to 7% across the same range of 
ossification scores.  
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Figure 8-6: Estimated means (solid line) and standard errors (dashed lines) for the effect of 
ossification on pHu compliance in light carcasses <350kg (A) and in heavy carcasses >350kg 
(B). Mean estimated probabilities of each raw data point are included to show the range of the 
data.  
Meat Standards Australia marble score had a significant impact on mean pHu (P<0.05, 
Table 3), however there was no significant impact of MSA marbling on pHu 
compliance. As MSA marbling increased by 100 points, mean pHu decreased by 0.0034 
pH units (Table 8-3).  
8.3.3 Tropical breed content, lot size and loin temperature effects on 
pHu 
Tropical breed content had a significant effect on pHu compliance (P<0.0001, Table 
8-3). Around 8% of cattle with 0 percent bos indicus had a pHu>5.7, while only around 
4% of the 100 percent bos indicus cattle not compliant (Figure 8-7). Lot size also 
impacted on pHu compliance (P<0.0001, Table 8-3). As lot size increased from 10 to 80, 
the proportion of carcasses with a pHu >5.7 decreased from 10% to around 7%, however 
(A) 
(B) 
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with lot sizes greater than 80 there was little improvement in pHu compliance rate 
(Figure 8-8). Loin temperature at the time of grading also had a significant effect on pHu 
compliance (P<0.0001, Table 8-3). As loin temperature increased from 2°C to 12°C, the 
proportion of carcasses with a pHu >5.7 decreased from around 11% to 7% (Figure 8-9).   
 
Figure 8-7: Estimated means (solid line) and standard errors (dashed lines) for the effect of 
tropical breed content on the probability of pHu being greater than 5.7. Mean estimated 
probabilities of each raw data point are included to show the range of the data. The dotted line is 
the mean pH compliance rate of all carcasses. 
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Figure 8-8: Estimated means (solid line) and standard errors (dashed lines) for the effect of lot 
size on the probability of pHu being greater than 5.7. Mean estimated probabilities of each raw 
data point are included to show the range of the data. The dotted line is the mean pH compliance 
rate of all carcasses. 
 
Figure 8-9: Estimated means (solid line) and standard errors (dashed lines) for the effect of loin 
temperature on the probability of pHu being greater than 5.7. Mean estimated probabilities of 
each raw data point are included to show the range of the data. The dotted line is the mean pH 
compliance rate of all carcasses. 
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8.4 Discussion 
8.4.1 Effect of muscling  
More muscular cattle with larger EMA‟s had a lower incidence of dark, firm, dry 
carcasses, supporting our initial hypothesis. A reduction in the incidence of dark cutting 
syndrome in high muscled cattle complements the other advantages of muscular cattle 
like increased retail beef yield (O'Rourke et al., 2009) and processing efficiency. This is 
a very important finding for the beef industry as it demonstrates that beef producers can 
actively select for more muscular cattle with the knowledge that it will help to reduce 
the incidence of dark cutting carcasses in their herd all else being equal. This analysis 
suggests that producers should breed animals to have an EMA greater than 70 cm
2
, if 
carcass weights average 250kg, to help reduce the incidence of dark cutting syndrome. 
This value of 70 cm
2
 is around 5cm
2
 larger than the average EMA measured in this data 
set, thus it is an achievable goal if producers utilise sires that have an estimated breeding 
value for EMA higher than the average. Producers can also evaluate their current 
position by viewing MSA feedback sheets which give EMA measurements, which will 
allow appropriate breeding decisions to be made.  
This result suggests that more muscular cattle have higher muscle glycogen content at 
the time of slaughter resulting from either greater muscle glycogen concentration prior 
to the pre-slaughter period or less mobilisation of glycogen during the pre-slaughter 
period. Chapter 5 has shown that Angus cattle selected for high muscling had increased 
whole body insulin responsiveness. This may enhance the uptake of glucose into muscle 
tissue in the post-prandial period and allow for an increased rate of glycogenesis, 
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allowing these animals to have higher resting concentrations of muscle glycogen 
(Chapter 6). More muscular cattle may also mobilise less glycogen during the pre-
slaughter period. The level of glycogenolysis during mustering, transport and lairage is 
largely due to the catabolic hormone adrenaline. Alternatively, the results in Chapter 6 
and Martin et al. (2011) have shown that cattle and lambs selected for high muscling 
had muscle tissue that was less responsive to exogenous adrenaline, indicating that more 
muscular cattle may mobilise less glycogen during the stressful pre-slaughter period. 
Therefore both of these mechanisms may have contributed to the positive phenotypic 
association between EMA and muscle glycogen concentration.  
8.4.2 Effect of rib fat depth and carcass weight 
Carcasses with a higher depth of fat at the ribbing site had higher rate of pHu 
compliance, contrary to our initial hypothesis that there were would be no difference. 
Likewise heavier carcasses also had a higher rate of pHu compliance. These two 
relationships are likely to be associated with better nutrition of the fatter and heavier 
cattle. We attempted to capture the effect of nutrition through inclusion of finishing 
system and season within the statistical model, however these terms are unlikely to have 
described all of the variance associated with improved nutrition. Cattle that have been 
supplemented or grain assisted through the finishing phase on non-Australian Lot 
Feeders Association registered feedlots were unable to be identified using the MSA 
database. Furthermore, the nutritional quality of pastures can vary greatly within 
seasons between years, and this variance may also have not been reflected adequately 
by the season and year terms in the model. Muscle glycogen concentrations can range 
from 60 to 130µmol/g (McVeigh and Tarrant, 1982; Crouse et al., 1984; Pethick et al., 
212 
 
1994) depending on the diet and rearing conditions, with high concentrations shown in 
cattle on high metabolisable energy grain rations (Pethick et al., 1994; Gardner et al., 
2001). As such these animals would have high glycogen concentrations prior to 
mustering, transport and lairage, decreasing the likelihood that glycogen levels will be 
depleted to less than 60µmol/g which would cause dark, firm, dry beef (Tarrant, 1989; 
Ferguson et al., 2001) with a pHu higher than 5.7. Knee et al. (2004) also demonstrated 
that glycogen levels were highly correlated with the metabolisable energy content of 
pasture, thus muscle glycogen was highest during spring and lowest during winter in 
Victoria. Therefore animals with more rib fat and heavier cattle can be assumed to have 
received better nutrition in the months leading up to slaughter, allowing for high muscle 
glycogen concentrations. 
8.4.3 Effect of ossification 
Carcasses with lower ossification scores had a lower incidence of dark, firm, dry beef, 
aligning with our initial hypothesis. Lower ossification scores in cattle at the same 
HSCW indicate a more rapid growth rate throughout life. Previous work by Knee et al. 
(2007) showed that cattle with higher growth rates had higher muscle glycogen 
concentrations, aligning well with the results in this study.  
Another possibility is that the effect of ossification on pHu compliance was possibly 
associated with a shift in muscle fibre type as the animals aged. The largest difference in 
pHu compliance existed in carcasses with an ossification score of above 175. Younger 
cattle have a greater proportion of glycolytic type IIX myofibres (Brandstetter et al., 
1998) which have been shown to have higher expression of glucose transporter-protein 
(GLUT4) than in oxidative muscles in cattle (Hocquette et al., 1995). This may increase 
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the uptake of glucose into the muscle because glucose transport is the rate-limiting step 
in insulin-stimulated glucose utilization in muscle cells across most species (Ziel et al., 
1988; Hocquette et al., 1995; Zierler, 1999), which will in-turn increase glycogenesis. 
Younger cattle may also be less responsive to stress in the pre-slaughter period as they 
have a lower proportion of type I myofibres (Brandstetter et al., 1998). Muscle with a 
higher proportion of oxidative type I myofibres had an increased density of β2-
adrenoreceptors and increased glycogenolysis in rats (Martin et al., 1989). This 
proposed mechanism is supported by Martin et al. (2011), which demonstrated that the 
muscle tissue of older sheep was more responsive to adrenaline than that of younger 
lambs. Thus glycogenolysis may be reduced in younger cattle in the pre-slaughter 
period.  
8.4.4 Other effects on pHu compliance 
Season and finishing system plus the interaction between the two terms in the model 
had a significant effect on the pHu compliance of carcasses. The highest level of non-
compliance for pHu was in spring followed by summer. This is largely due to the 
amount of metabolisable energy in the pasture dropping off in the weeks proceeding 
slaughter. Even though the cattle appear to be in good condition, low energy levels in 
the pasture mean that there will be low resting glycogen levels in the muscle, resulting 
in a higher incidence of dark, frim, dry carcasses during the spring and summer months. 
This effect of metabolisable energy on muscle glycogen has been demonstrated in 
research by Knee et al. (2004). In Western Australia, the driest months are in autumn, 
but the majority (around 90%) of MSA cattle are sourced from feedlots during this time. 
Finishing system (grass or grain) also had a very significant effect on carcass pHu 
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compliance. Feedlot finished cattle had a lower incidence of dark cutting syndrome due 
to high metabolisable energy intakes and the resultant high muscle glycogen 
concentrations.     
Tropical breed content or the proportion of Bos indicus breeds had a significant effect 
on pHu compliance. As tropical breed content increased, pHu compliance also increased. 
This relationship may be due to the increased capacity of Bos indicus cattle to handle 
stressful situation, thus they have reduced amounts of glycogenolysis during the pre-
slaughter period. There is no current evidence to support this finding and at present it is 
contrary to research which shows that Bos indicus cattle had more flighty temperament 
ratings than Bos taurus (Hearnshaw et al., 1979; Grandin, 1980; Fordyce et al., 1982; 
Hearnshaw and Morris, 1984; Burrow, 1997; Voisinet et al., 1997b) and a higher 
incidence of dark, firm and dry carcasses (Voisinet et al., 1997a). On the other hand, 
this result may reflect either the improved nutrition or handling of the Bos indicus cattle 
in this data set (~6000) in comparison to the Bos taurus cattle.  
The effect of lot size in the model was also significant, and it demonstrated that larger 
herds slaughtered together have a lower incidence of dark cutting syndrome. This result 
may also reflect the improved nutrition of large herds as they are predominantly sourced 
from feedlots or large operations. Alternatively, given that cattle are herding animals it 
is likely that when they are maintained in larger groups they are likely to have reduced 
stress during the pre-slaughter period.  
Loin temperature at the time of grading also affected the mean pHu and pHu compliance 
of carcasses. The hotter carcasses at the time of grading, had a lower the incidence of 
dark, firm and dry beef, which may be delivered through a combination of two 
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mechanisms. The first mechanism is related directly to temperature at the time of 
carcass grading. Every 10°C increase in temperature causes a 0.1 pH unit reduction, 
hence hotter carcasses will have a lower pHu (Bendall and Wismer-pedersen, 1962). 
Secondly, temperature affects glycolytic rate (Bendall, 1978), thus colder carcasses will 
have a slower glycolytic rate extending the time required to reach pHu, so if grading is 
conducted before the cold carcasses can reach pHu, their pH readings may be elevated.   
8.5 Conclusion 
Phenotypic measurements of beef carcasses taken at the time of grading for MSA 
explain differences in animal physiology which have effects on ultimate pH. More 
muscular cattle with larger EMA had higher levels of pHu compliance, which could be 
associated with increased insulin responsiveness and reduce adrenaline responsiveness 
in more muscular cattle, increasing muscle glycogen at slaughter. Cattle with increased 
subcutaneous fat depth at the quartering site also had higher pHu compliance, which 
may be due to improved nutrition and greater nutrient availability for both lipogenesis 
and glycogenesis, ultimately increasing accretion of muscle glycogen and fat. Heavier 
cattle also had increased pHu compliance which is likely to be associated with the better 
nutrition often consumed by heavier animals. pHu compliance of carcasses decreased as 
ossification or age increased, possibly reflecting a shift in muscle fibre type. 
Furthermore, there was no affect of marbling on pHu compliance.  
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Chapter 9. The effect of animal temperament and 
muscling genotype on muscle glycogen concentration in 
growing Angus steers 
9.1 Introduction 
Dark cutting in the muscle of beef carcasses severely affects meat quality due to 
reduced shelf life, bland flavour and variable tenderness (Ferguson et al., 2001), and the 
dark meat colour is not acceptable for consumers as graded by Meat Standards Australia 
(Thompson, 2002). For these reasons, dark cutting costs the beef industry billions of 
dollars per annum worldwide in discounted beef (Smith et al., 1995; Scanga et al., 
1998). Dark cutting is caused by low muscle glycogen levels at slaughter, which results 
in high ultimate pH of the carcass (pH>5.7) as there is insufficient glycogen to produce 
enough lactic acid post-mortem. Muscle glycogen concentrations at slaughter are a 
function of the pre-existing glycogen levels on farm, minus the amount of glycogen 
mobilised during mustering, transportation and lairage periods prior to slaughter. 
Producers and processors are unable to totally eliminate stressors during this pre-
slaughter phase, hence factors known to affect either glycogen storage and/or the level 
of stress-induced glycogenolysis, such as plane of nutrition, animal temperament, and 
even variation in muscularity warrant investigation.  
Pre-slaughter stress is a well documented cause of differences in incidence of dark 
cutting syndrome. Sympathetic arousal due to emotional stress prior to slaughter causes 
the release of catecholamines (Lacourt and Tarrant, 1985) which stimulate 
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glycogenolysis in the muscle. Sympathetic arousal pre-slaughter may vary between 
animals due to differences in temperament, although this has proven difficult to verify 
experimentally (Ferguson et al., 2008). Voisinet et al. (1997a) showed that Bos indicus 
cattle with more excitable temperaments measured using a crush/chute score technique 
had a higher incidence of dark, firm, dry carcasses at slaughter. However it is not known 
whether the lower muscle glycogen concentrations in these animals at slaughter is a 
result of lower resting muscle glycogen concentrations due to continuous sympathetic 
arousal, or a result of increased stress induced glycogenolysis in the pre-slaughter 
period.  
Efficiency and productivity of beef production systems is becoming increasingly 
important (Lefaucheur, 2010) to meet the world‟s demand for protein and is achieved by 
selecting animals for greater growth and muscling. High muscling animals have been 
reported to have decreased glycogen storage and increased incidence of dark cutting 
(Monin, 1981a and 1981b). Contrary to these findings, recent studies have shown that 
more muscular cattle and sheep are less responsive to adrenaline (Chapter 6) (Martin et 
al., 2011) and have higher muscle glycogen levels (Chapter 6) (Martin et al., 2011). The 
basis for these effects may be associated with fibre type. Selection for greater muscling 
increases the proportion of white, fast glycolytic type IIX myofibres (Wegner et al., 
2000) which store greater amounts of glycogen in pigs compared to redder, more 
oxidative (types I and IIA) fibres (Lefaucheur, 2010), thus more muscular cattle may 
have higher concentrations of muscle glycogen at slaughter and a lower incidence of 
dark cutting. 
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The metabolisable energy (ME) intake of cattle can also have a large influence on stored 
muscle glycogen concentrations. This is due to increased ruminal absorption of 
propionate in animals fed high ME rations (Weekes, 1979; Orskov and Ryle, 1990), 
enabling greater gluconeogenesis in the liver and greater glycogenesis in muscle. As 
such, muscle glycogen concentrations can range from 60 to 130 µmol/g depending on 
diet and rearing conditions (McVeigh and Tarrant, 1982; Crouse et al., 1984; Pethick et 
al., 1994), with high energy, grain-based rations resulting in the highest glycogen 
concentrations (Gardner et al., 2001). Knee et al. (2004) also demonstrated that 
glycogen levels reflect the ME content of pasture, and thus were highest during spring 
and lowest during winter.   
Therefore the objectives of this study were to compare the effects of temperament, 
animal muscularity, and pasture availability and quality on resting muscle glycogen 
concentrations and on glycogen depletion prior to slaughter. We hypothesised that cattle 
with more excitable, reactive temperaments would store less muscle glycogen, mobilise 
more metabolites for energy production, and have an increased rate of glycogenolysis 
pre-slaughter. Furthermore, better pasture quality and availability and selection for 
muscling would increase muscle glycogen storage. 
9.2 Materials and methods 
In this experiment, 5 muscle biopsy samples were taken from the semimembranosus 
(SM) and semitendinosus (ST) to determine muscle glycogen and lactate concentration 
in 81 Angus steers selected for divergence in muscularity which had also been assessed 
for temperament. Four biopsies were taken during the pasture-finishing phase of growth 
and the final biopsy was taken immediately after slaughter. Immediately following each 
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biopsy, a blood sample was collected and plasma concentrations of glucose, lactate and 
non-esterified fatty acids (NEFA) were measured.   
9.2.1 Animals 
Data was collected on a cohort of 81 Angus steers from the Industry & Investment New 
South Wales (I&I NSW) Angus herd based at the Glen Innes Agricultural Research and 
Advisory Station, Glen Innes, NSW (29º44′S, 151º42′E, altitude 1057m) within the 
Northern Tablelands region. The herd comprised of lines which had been selected for 
high or low muscling since 1990 (McKiernan, 2001). The steers in the present study 
were born during a 92 day period starting on 1
st
 August 2007, and on 20
th
 December 
2008 they were moved to a second property also located in the Northern Tablelands 
region at Ebor, NSW (30
o
 24‟S/152o 21‟E, altitude 1350 m). 
The divergence in muscling within the herd was obtained using a subjective live animal 
muscle score based on the thickness and convexity of the body, relative to the skeletal 
size of the animal, adjusted for subcutaneous fat (Elliot et al., 1987; McKiernan, 1990 
and 2007). A 15 point scale was used, from A+ to E-, where A score animals are 
heavily muscled European type breeds and E score cattle are poorly muscled or dairy 
type. For ease of statistical analyses these scores were converted to a scale from 15 to 1. 
Each animal was also genotyped at the site of the 821 del11 myostatin „double 
muscling‟ mutation (Grobet et al., 1997) using methods previously described by 
O'Rourke et al. (2009). Myostatin carrier status was assigned as 0 (homozygous normal) 
or 1 (heterozygous). From 101 steers within the herd, 34 low muscled homozygous 
wild-type (Low), 27 high muscled homozygous wild-type (High) and 20 high muscled 
steers that were heterozygous for the 821 del11 myostatin mutation (High
Het
) were 
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studied. These 81 steers were assessed for visual muscle score by the same assessor at 
weaning (~8 months of age) and at ~12 months of age. The average muscle scores (± 
s.d.) of the High and High
Het
 muscling genotypes were 8.41 ± 1.69 and 10.63 ± 1.78 
which equates to a C and B muscle score, while the Low
 
genotype had an average score 
of 5.01 ± 2.2 or a D on the 15 point E- to A+ scale.  Perry et al. (1993a) showed that the 
correlation between assessors and linear muscle measurements of the same animal over 
time ranged from 0.90 to 0.92.  
The experiment was approved by the I&I NSW Animal Care and Ethics Committee, 
Orange, NSW, (Permit number ORA 08/016), jointly with the Animal Ethics 
Committee at Murdoch University, Perth, Western Australia (Permit number: 
R2272/09).  
9.2.2 Live animal measurements and samples 
At the birth of each animal, the date and birth weight were recorded against the dam 
identification number. At weaning and at each biopsy, live weights were recorded 
(Figure 9-1), and each steer was scanned for P8 fat depth using a PIE Medical Aquila 
ultra-sound scanner, equipped with an 18cm, 3.5MHz linear transducer (Esaote Europe 
B.V., Maastricht, The Netherlands). At weaning and at the 1
st
 and 4
th
 biopsies, rib fat 
and eye muscle (m. longissimus thoracis et lumborum) area between the 12th and 13th 
ribs were also measured by ultrasound. At weaning and at yearling ages, the steers were 
also assessed for muscle score by accredited assessors. Live weight was also measured 
the day before slaughter (final live weight), and this value was used to calculate the 
dressing percentage of the steers. Live weight measurements immediately prior to each 
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biopsy (Figure 9-1) allowed for the calculation of average daily gain (ADG) between 
each biopsy (Table 9-2). 
 
Figure 9-1: The average growth path of the Angus steers indicating when weight measurements 
and muscle biopsies were taken 
9.2.3 Temperament Assessments 
Temperament was assessed using flight speed (Burrow et al., 1988) and crush score 
(Grandin, 1993) around weaning and yearling ages. Crush score and flight speed were 
assessed 3 times over a period of 3 weeks around weaning, and 3 times over a period of 
7 weeks around yearling age. The animals were also assessed for flight speed and crush 
score at the first biopsy. For analyses, the 7 measurements of flight speed and crush 
score for each animal were averaged as this has been shown to give the most accurate 
measure of temperament (Burrow and Dillon 1997).  
Flight speed and crush score were recorded when the cattle were being handled through 
the yards for other management or data collection purposes. These processes ranged 
from weighing and/or ultrasound scanning for body composition, to vaccination and 
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blood sampling. Cattle were confined for a period of a few seconds without head 
constraint in a single animal weighing crate before being released, or for longer if they 
were being ultrasound scanned. Flight time(s) was measured over a distance of 1.7 to 
2.2 m, and converted to flight speed (m/s) for analyses (Burrow et al., 1988). Crush 
score was assessed during the pause before release from the weighing crate, and flight 
speed recorded after the cattle were released. Crush score was assessed visually on a 5 
point scale of agitation where: 1 = Calm, standing still, head mostly still, slow 
movements; 2 = Slightly restless, looking around more quickly, moving feet; 3 = 
Restless, moving backwards and forwards, shaking crate; 4 = Nervous, continuous 
vigorous movement backwards and forwards, snorting; and 5 = Very nervous, 
continuous violent movement, attempting to jump out. This scale is based on the scoring 
system described by Grandin (1993) which was applied to cattle restrained in a squeeze 
chute and head bail. Modifications were made to this scale so that it was more suitable 
for loosely-restrained cattle, as a hydraulic squeeze crush was not available. All crush 
score assessments were made by the same experienced observer (L.M. Cafe). 
9.2.4 Pasture Availability and Quality  
This study evaluated the effect of natural fluctuations in pasture availability and quality 
due to season and rainfall on the muscle glycogen and lactate concentrations. Four 
muscle biopsy samples were taken over a period of 7 months during the steers‟ pasture-
finishing phase and 1 was taken at slaughter. The 4 biopsies were taken when there was 
an increase or decrease in pasture quality as determined by periodic pasture quality 
analysis. Pasture samples were collected for the 4 weeks preceding the biopsy for 
pasture quality analysis (Table 9-1). Pasture samples were taken from 100 or more 
223 
 
randomly selected sites from across the paddock where the animals were grazing. From 
each site a 6 x 6 cm
2
 stand of pasture was clipped to the estimated grazing height. No 
dirt or dung was taken with the samples. The sites were selected at random and reflected 
the differences across the paddock that may have contributed to variation in pasture 
composition such as aspect, location near a water course, graduation in standing height, 
and so on. These sub-samples were combined and thoroughly mixed in a clean plastic 
bin to form a composite. A 500 g sample from the bin was packed tightly in a sealed 
plastic bag and frozen for 12 hours prior to submission to an accredited laboratory 
(Industry and Investment N.S.W. Chemistry Services Laboratory, Wagga Wagga) for 
analysis. The samples were frozen to prevent marked chemical changes due to 
fermentation during transport to the laboratory. Pastures were analysed using near-
infrared spectrophotometry which had been validated by the laboratory. Leading up to 
biopsy 2, feed availability was very low due to the dry summer experienced in the New 
England region that year. Prior to biopsy 3, the steers were fed poor quality pasture hay 
ad-libitum in a small paddock at high stocking density to simulate a dry period (Table 
9-2), however there was a low quantity of green pasture available.  
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Table 9-1: Average pasture quality measurements for dry matter (DM), metabolisable energy 
(ME), crude protein (CP), dry matter digestibility (DMD), neutral detergent fibre (NDF), acid 
detergent fibre (ADF), inorganic ash (IA) and organic matter (OM) for the month preceding 
each biopsy.    
Biopsy Number 
& Date 
DM 
(%) 
ME 
(MJ/kg DM) 
CP 
(%) 
DMD 
(%) 
NDF 
(%) 
ADF 
(%) 
IA 
(%) 
OM 
(%) 
1- 12/12/08 22.4 7.8 15.0 56.7 63.2 37.2 7.8 92.2 
2- 27/02/09 30.9 7.9 19.1 56.3 60.8 37.3 11.5 88.5 
3- 28/03/09 92.1 7.5 8.7 52.0 62.0 39.0 6.0 94.0 
4- 12/07/09 24.1 10.6 20.5 71.0 44.3 24.3 11.0 89.0 
% is measured as g/100grams of dry matter (DM) 
Table 9-2: Average pasture availability, quantity of hay supplementation, paddock area grazed, 
average daily weight gain (ADG) in the month preceding each biopsy, average live weight and 
P8 fat depth at each biopsy.    
9.2.5 Muscle glycogen sampling and analysis 
Muscle glycogen and lactate concentration were analysed from five muscle biopsies 
from the SM and ST of each animal, one taken during each stage of nutrition during the 
finishing phase and one at slaughter. The first sample was taken when the steers were 
between 14 and 16 months of age and biopsy 4 was taken 7 days prior to slaughter. 
These four samples were used to provide resting glycogen concentrations or basal 
Biopsy 
Number 
& Date 
Pasture 
availability 
(kg DM/ha) 
Intake of hay 
(kg/head/day) 
Paddock 
size 
(Ha) 
ADG 
(kg) 
Liveweight 
(kg) 
P8 
Fat 
(mm) 
1- 12/12/08 2000 - 4500 0 15 1.05 376 3.7 
2- 27/02/09 700 - 900 0 40 0.23 415 4.5 
3- 28/03/09 300 - 400 ~8 kg 3 0.21 421 3.9 
4- 12/07/09 2000 - 3500 0 16 0.79 513 11 
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glycogen. Glycogen depletion during the pre-slaughter period was calculated as the 
difference between biopsy 4 and muscle glycogen at slaughter. The steers remained on 
the same pasture for the 7 days prior to slaughter following biopsy 4. As previously 
established (Pethick et al., 1995), the ST and SM are well suited for the study of 
glycogen metabolism as the ST consists predominantly of type IIX (fast glycolytic) 
myofibres, and thus has high glycolytic potential and low rates of glycogen re-synthesis, 
while the SM has a higher proportion of type I (slow oxidative) and IIA (fast oxidative-
glycolytic) myofibres and a low susceptibility to stress-induced glycogen depletion 
(Monin, 1981a). These muscle samples were taken with a purpose-built, 12 V motorised 
biopsy drill (Murdoch University, Western Australia) as described in Gardner et al. 
(2001). Glycogen concentrations in each muscle sample were measured using the 
enzymatic method of Chan and Exton (1976), modified by removing the filter paper 
step.  
9.2.6 Plasma sampling and analysis 
Plasma samples were taken immediately after the muscle biopsy procedure was 
completed. Blood samples were taken from the tail vein using K3 EDTA vacutainers
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(Becton Dickinson, Franklin Lakes, NJ, Cat. No. 366457). The blood sample at 
slaughter was taken at exsanguination, shortly after the animals were stunned using a 
captive bolt. The blood tubes were centrifuged and the harvested plasma was frozen at -
80°C for later laboratory determination of glucose, lactate and NEFA concentration. 
Laboratory analyses of blood plasma was carried out using enzymatic methods for 
glucose (Barthelmai and Czok, 1962) and lactate (Trinder, 1969; Barham and Trinder, 
1972). Analyses were automated using the Olympus AU400 automated chemistry 
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analyser (Olympus Optical Co. Ltd, Melville, New York) and Olympus regent kits for 
lactate (Olympus Cat. No. OSR6193) and glucose (Olympus Cat. No. OSR6121). The 
NEFA concentration was measured using a Wako NEFA C Kit (Wako Pure Chemical 
Ind., Osaka, Japan) modified for the Olympus AU400 automated chemistry analyser. 
This kit used an enzymatic method based on the protocols of Itaya and Ui (1965) and 
Duncombe (1964).  
9.2.7 Carcass and yield measurement 
All animals were slaughtered at a commercial abattoir, where hot standard carcass 
weight (HSCW) and P8 fat depth measurements were taken. They were chilled for 20 
hours, at which time they were quartered between the 12
th
 and 13
th
 ribs, and 
measurements made in the chiller as detailed by Perry et al. (2001). Following chiller 
assessment, the left side of 15 Low, 20 High and 14 High
Het
 carcasses were processed 
into 22 primal cuts, manufacturing trim, fat trim and bone for calculation of retail beef 
yield from each animal as detailed below. Only 49 steers were selected for further 
processing due to abattoir time constraints. These 49 steers were stratified by muscle 
group (High, Low), genotype for myostatin mutation (0 or 1 mutant alleles) and sire 
within muscle group. Five animals from within each sire group were then selected 
randomly, except for sire Z61, who only had 4 progeny; hence all 4 progeny were 
selected for assessment of yield.      
The left side of each of the 49 carcasses was weighed in its entirety prior to bone-out to 
measure left side cold side weight, from which cold carcass weight (CCW) was 
determined. The major beef primal cuts (AUS-MEAT product identification number) 
comprising striploin (2143), tenderloin (2150), topside (2001), rump cap (2091), rostbiff 
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(2110), rump tri tip (2131), outside flat (2050), eye round (2040), knuckle (2070), heel 
muscle (2364), flank steak (2210), hind and fore shin-shank (2360), internal flank plate 
(2203), intercostals (2340), cube roll (2243), chuck (2261), chuck tender (2310), blade 
(2300), point end brisket (2232), naval end brisket (2340), inside skirt (2205) and short 
rib (1690) were then prepared and where necessary trimmed to a commercial 
specification of 10 mm fat cover. All individual primal cuts were then weighed. The 
trimmings were separated into fat and manufacturing meat within the forequarter and 
hindquarter sections. All other lean tissue was classified as manufacturing meat and was 
trimmed and packed to an 85% chemical lean specification. Manufacturing meat was 
tested using the rapid microwave method to ensure that it did not exceed 15% fat. Bones 
were cleared of adhering meat and fat which were weighed as fat trim or manufacturing 
trim within the appropriate carcass quarter. All bones were then weighed within the 
fore- or hind-quarters. Electronic scales with 2g increments were used for all weight 
measurements.    
Retail beef yield was calculated as the total weight of boneless cuts, trimmed to ~10mm 
fat cover, plus the weight of the 85% lean manufacturing meat, and expressed as a 
percentage of CCW. Manufacturing trim percentage was the weight of 85% lean 
manufacturing meat, expressed as a percentage of CCW, and primal yield was the 
summed weight of the 22 primal cuts expressed as a percentage of CCW.  Fat trim and 
bone were also expressed as a percentage of CCW.  
9.2.8 Statistical analyses 
The effect of muscling genotype on muscle score, flight speed, crush score, live weight, 
live weight and carcass and yield variables were determined using a linear mixed effects 
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model (SAS, 2001), where muscling genotype was the fixed effect and sire 
identification was the random term. Effects of flight speed, crush score and interactions 
with muscling genotype were included in all analyses as a covariate (except where they 
were the dependant variable) and were sequentially deleted from the models if non-
significant (at P > 0.05). 
Muscle glycogen and lactate concentrations were analysed using a linear mixed effects 
model (SAS, 2001), with muscling genotype, biopsy time and muscle (SM or ST) as 
fixed effects and animal within sire as the random term. The two measures of 
temperament, flight speed and crush score plus interactions with muscling genotype, 
biopsy number and muscle type were included in separate analyses as covariates. Non-
significant terms (P > 0.05) were sequentially deleted from the models.  
Plasma lactate, glucose and NEFA concentrations were also analysed using a linear 
mixed effects model (SAS, 2001), with muscling genotype and biopsy time as fixed 
effects and animal within sire as the random term. Effects of flight speed and crush 
score plus significant interactions with biopsy and muscling genotype were also 
included in the model separately, to assess the effect of animal temperament on plasma 
metabolite concentration. Non-significant terms (P > 0.05) were sequentially deleted 
from the models.    
9.3 Results 
9.3.1 Live animal and slaughter measurements 
Muscling genotype had no effect on flight speed, but the High
Het 
genotype steers had 
14% higher crush score (Table 9-3) than the Low genotype steers (P < 0.05), while 
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there was no difference in crush score between the High and Low genotypes. There was 
also no effect of muscling genotype on birth weight, weaning weight, final weight or 
HSCW. When birth weight and days of age at weighing were included in the statistical 
model, there was still no effect of muscling genotype on weaning and final weight. The 
High and High
Het 
genotypes had 2.9% and 6.3% higher dressing percentages than the 
Low muscling genotype steers (P < 0.001, Table 9-3), while the High
Het 
steers had 3.3% 
higher dressing percentage than the High genotype animals (P < 0.001, Table 9-3). 
Carcass measurements (Table 9-3) showed that the High
Het
 and High steers had 20.5% 
and 12% larger eye muscle areas (P < 0.01) than the Low steers. The High
Het
 and High 
steers also displayed about 30% and 20% less marbling than the Low genotype steers. 
However, the P8 rump fat and rib fat depths for the Low and High muscling genotypes 
did not differ. The High
Het 
steers had 16% less P8 rump fat and 36% less rib fat than the 
Low steers (P < 0.05). The High
Het 
steers also had 30% less rib fat (P < 0.01) than the 
High steers and there was a trend for the High
Het
 steers to also have less (16%) rump fat  
(P = 0.05) than the High steers. Flight speed also had an effect on rib fat depth when 
included in the statistical analyses. An increase in flight speed by 1m/s was associated 
with reduced rib fat depth by (mean ± s.e.m.) 2.34 ± 0.94 mm. Ossification did not 
differ significantly between the genotypes. 
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Table 9-3: Mean flight speed, crush score, live weights, and carcass characteristics (± s.e.m.) for 
Low, High and High
Het
 muscling genotype Angus steers. 
 Muscling Genotype 
 Low High High 
Het
 
Number of cattle 34 27 20 
Flight Speed (m/s) 1.53 ± 0.08 1.62 ± 0.09 1.58
 
± 0.10 
Crush Score (1-5) 1.86  ± 0.08
a 
2.03  ± 0.09
ab 
2.12 ± 0.10
b 
Birth Weight (kg) 38.4 ± 0.86 38.6 ± 0.96 40.1 ± 1.12 
Weaning Weight (kg) 279 ± 7.0 296 ± 7.9 295 ± 9.2 
Final Weight (kg) 513 ± 8.8 514 ± 9.1 508 ± 10.6 
Dressing percentage (%) 51.1 ± 0.29
a
 52.6 ± 0.29
b
 54.3 ± 0.33
c 
HSCW (kg) 264 ± 5.6 273 ± 5.7 279 ± 6.5 
P8 fat depth (mm) 12.58 ± 0.70
ab 
12.58  ± 0.72
b 
10.55  ± 0.83
a 
Rib fat depth (mm) 11.4  ± 0.58
b 
10.5  ± 0.64
b 
7.34  ± 0.74
a 
Eye muscle area (cm
2
) 59.2  ± 1.5
a 
66.3  ± 1.5
b 
71.3  ± 1.8
c 
MSA Marbling  299 ± 13
b 
239 ± 14
a 
209 ± 16
a 
Ossification 136.4 ± 2.2 137.3 ± 2.3 134.9 ±2.7 
Within rows, mean values followed by
 
different superscripts 
a,b,c
 differ significantly (P ≤ 0.05).  
Measurements taken during further processing (Table 9-4) showed that the High steers 
had 1.8% more retail beef yield and 2% higher primal yield than the Low steers (P < 
0.01), while there was no difference between the High and Low genotypes for 
percentage of manufacturing trim or percentage of fat trim. The High
Het 
steers had 4.8% 
and 2.9% higher retail beef yields and 4.9% and 2.8% higher primal yield than the Low 
and High genotypes (P < 0.01). The High
Het
 steers also had 34% and 31% less fat trim 
than the Low and High genotypes (P < 0.01), 4.4% more manufacturing trim than the 
Low muscling steers (P<0.05), and there was a trend for the High
Het
 to have 3.5% more 
manufacturing trim than the High genotype steers (P=0.07). There was no effect of 
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muscling genotype on the percentage of bone. Flight speed also had an effect on primal 
yield when included in the model with muscling genotype. An increase in flight speed 
by 1m/s was associated with an increase in primal yield of 0.91 ± 0.38% of CCW.   
Table 9-4: Least square means ± s.e.m. for yield characteristics of Low, High and High
Het
 
muscling genotype Angus steers. 
 Muscling Genotype 
 Low High High
Het
 
Number of cattle 15 20 14 
Retail beef yield (% CCW) 70.5  ± 0.31
a 
71.8
 
 ± 0.27
b 
73.9  ± 0.31
c 
Primal yield (% CCW) 53.2  ± 0.32
a 
54.3  ± 0.28
b 
55.8  ± 0.33
c 
Manufacturing trim (% CCW) 17.3 ± 0.25
a 
17.5 ± 0.21
ab 
18.1 ± 0.25
b 
Fat Trim (% CCW) 6.81 ± 0.37
b 
6.57 ± 0.32
b 
4.53 ± 0.38
a 
Bone (% CCW) 22.7 ± 0.47 21.7 ± 0.41 21.7 ± 0.46 
Within rows, mean values followed by
 
different superscripts 
a,b,c
 differ significantly (P < 0.05).  
9.3.2 Effects of animal temperament  
Animal temperament measured using flight speed had an effect on the basal 
concentrations of muscle glycogen (P < 0.05). Across all biopsies and muscling 
genotypes, as flight speed increased from 0.75 to 2.25 m/s, average muscle glycogen 
concentration decreased by 8.9% (Figure 9-2, P < 0.05) and muscle lactate 
concentration increased by about 17.3% (Figure 9-2, P < 0.01). There was no significant 
effect of flight speed on pre-slaughter glycogenolysis or muscle glycogen concentration 
at slaughter.  
232 
 
 
Figure 9-2: The effect of flight speed on muscle glycogen concentration and muscle lactate 
concentration with predicted means for glycogen (solid line) and lactate (dotted line) ± s.e.m. 
(fine dotted lines) across all muscling genotypes. 
Increasing crush score was associated with a decrease in average muscle glycogen and 
an increase in muscle lactate in the ST. As crush score increased from 1.25 to 3, average 
muscle glycogen concentration declined by 10.4% (P < 0.05, Figure 9-3) and lactate in 
the ST increased increased by 42% (P < 0.05) across the range of crush scores, but did 
not increase in the SM muscle (Figure 9-3).  
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Figure 9-3: The effect of crush score on muscle glycogen concentration and muscle lactate 
concentration in the SM and ST muscles with predicted means for glycogen (solid line) and 
lactate in the SM (dotted line) and ST (dashed line) ± s.e.m. (fine dotted lines) across all 
muscling genotypes. 
Animal temperament had an effect on plasma metabolite concentration following biopsy 
sampling. The effect of flight speed on plasma lactate was different for each muscling 
genotype (P < 0.01). As flight speed increased from 0.75 to 2.25 m/s, plasma lactate in 
the High
Het
 animals increased by 99% from 1.82 ± 0.41 mM to 3.62 ± 0.34 mM (P < 
0.01). Plasma lactate increased in the High steers from 2.01 ± 0.35 mM to 2.89 ± 0.34 
mM or 44% as flight speed increased from 1.25 to 2 m/s (P < 0.05). There was no 
significant effect of flight speed on plasma lactate in the Low muscling animals.      
Crush score was associated with a curvilinear increase in plasma lactate in all muscling 
genotypes (P < 0.05). As crush score increased from 1.25 to 3, there was a 143% 
increase from 1.97 ± 0.54 to 4.79 ± 0.51 mM in the High
Het
 steers and a 49% increase in 
plasma lactate from 2.47 ± 0.43 to 3.68 ± 0.50 mM in High muscling genotype steers. 
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The Low animals also had a 60% curvilinear increase in plasma lactate from 1.71 ± 0.32 
to 4.04 ± 0.72 mM as crush score increased from 1.25 to 2.5.   
Flight speed had a significant effect on plasma NEFA concentrations measured after the 
completion of the muscle biopsy procedure (P < 0.05). As flight speed increased from 
0.75 to 2.25 m/s, plasma NEFA concentration had a curvilinear increased of 27% from 
0.32 ± 0.02 mM to 0.41 ± 0.02 mM. The effect of flight speed on plasma NEFA 
concentration did not differ across muscling genotypes or biopsy sampling times. There 
was no effect of crush score on plasma NEFA concentrations following the biopsy 
procedure.     
9.3.3 Effects of muscling genotype  
There was a significant effect of muscling genotype on average resting muscle glycogen 
concentration at biopsies 1 and 3. At biopsy 3, the average muscle glycogen 
concentration of the High steers was 8.3% higher than the High
Het 
and 10.1% higher 
than the Low muscling genotype steers (P < 0.05, Table 9-5). In contrast, at biopsy 1 
the muscle glycogen concentrations were highest in the Low steers, 8.3% higher than 
both the High and High
Het 
steers (P < 0.05,Table 9-5). There was no difference between 
genotypes at biopsies 2 and 4. Furthermore, there was no effect of muscling genotype 
on muscle lactate concentrations at any muscle biopsy. Muscling genotype also had no 
effect on pre-slaughter glycogen depletion, thus it follows that there were no muscle 
glycogen concentration differences between muscling genotypes at slaughter.  
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Table 9-5: The effect of muscling genotype on muscle glycogen concentration during different 
nutritional periods (biopsy number – see Table 9-1) and on glycogen depletion prior to 
slaughter. Values are least square means ± s.e.m. 
 Muscling Genotype 
Muscle Glycogen (g/100g) Low High High
Het
 
Biopsy 1  1.140  ± 0.027
a 
1.052
 
 ± 0.030
b 
1.051  ± 0.035
b 
Biopsy 2  0.875  ± 0.027
 
0.818  ± 0.030
 
0.850  ± 0.035
 
Biopsy 3  1.103 ± 0.027
a 
1.215 ± 0.030
b 
1.122 ± 0.035
a 
Biopsy 4  1.098 ± 0.027 1.088 ± 0.030 1.081 ± 0.035 
Glycogen Depletion  0.160 ± 0.035 0.170 ± 0.039 0.130 ± 0.045 
Within rows, mean values followed by
 
different superscripts 
a,b
 differ significantly (P < 0.05). 
9.3.4 Effects of nutrition 
Muscle glycogen measured during the finishing phase when the steers were on pastures 
of differing quality (biopsies 1 to 4, Table 9-5) were significantly different at biopsies 2 
and 3. The lowest muscle glycogen, measured at biopsy 2 (P < 0.0001) was around 26% 
lower than at biopsy 3 and around 22% lower than biopsies 1 and 4 (Table 9-5). Biopsy 
3 had the highest basal muscle glycogen concentration (P < 0.05) which was around 5% 
higher than at biopsies 1 and 4.  
The average plasma glucose concentration across all muscling genotypes at biopsies 1, 
2 and 4 were not significantly different. Average plasma glucose was lowest at biopsy 3 
at 3.99 ± 0.05 mM, which was 11.3%, 9.4% and 8.8% lower than the average glucose 
concentration at biopsies 1, 2 and 4, respectively (P < 0.05).  
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9.3.5 Effects of more oxidative (SM) and more glycolytic (ST) muscles  
The glycogen concentration of the SM was, on average, 37% higher than in the ST (P < 
0.001) across all biopsies. There was minimal variation in the glycogen difference 
between the SM and ST at each biopsy sample and at slaughter. The SM had around 
38%, 35%, 28%, and 40% higher concentration of glycogen than the ST at biopsies 1, 2, 
3 and 4, respectively. There was no effect of muscling genotype on the difference in 
muscle glycogen between the SM and ST.   
The average lactate concentration of the ST was 0.190 ± 0.007 and 0.214 ± 0.007 
g/100g at biopsies 1 and 2, which were around 22 and 27% higher than the lactate 
concentration in the SM (P < 0.001). At biopsies 3 and 4 there was no difference in 
lactate concentration between the SM and ST muscles.  
Pre-slaughter stress depleted muscle glycogen in both the ST and SM muscles but by 
different amounts (P < 0.001). Muscle glycogen was depleted by 0.220 ± 0.027 g/100g 
in the SM and 0.087 ± 0.027 g/100g in the ST, a decline of around 17.5% in the SM and 
9.6% in the ST.  
9.4 Discussion 
9.4.1 Effects of temperament  
Animals with more excitable, reactive temperaments (higher flight speed and crush 
score) had lower resting muscle glycogen and higher muscle lactate. Plasma lactate 
concentrations taken immediately after the muscle biopsies were also higher in animals 
with more excitable temperaments, suggesting these animals had a faster rate of 
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glycogenolysis. However at slaughter temperament had no effect on glycogen 
concentrations in the SM or ST, and also had no effect on the extent of glycogenolysis 
during the pre-slaughter process (ie the difference between on-farm and slaughter 
glycogen concentrations). Therefore these results partially support our initial hypothesis 
that cattle with more excitable, reactive temperaments store less glycogen and mobilise 
more glycogen under stress. These variable results may be due to the relatively calm 
temperament of these animals when compared with the flight speed results of earlier 
studies (Petherick  et al. (2002), thus weakening the association between temperament 
and stress responsiveness in these animals pre-slaughter. This may have been 
compounded by the extensive human interaction throughout this study, habituating 
these animals to human contact by the time they were slaughtered. None-the-less, the 
greater stress responsiveness demonstrated during the earlier phases of this experiment 
highlights the association between temperament and glycogen mobilisation. 
Furthermore, this is likely to have impacted chronically, increasing glycogen turn-over 
and resulting in the lower muscle glycogen levels evidenced in these animals, even in a 
resting state on-farm. Therefore the combined effects of reduced muscle glycogen 
storage on-farm, as well as increased rates of glycogen mobilisation under stress are 
likely to increase the incidence of dark, firm, dry beef in non-habituated cattle. This 
supports the findings of Voisinet et al. (1997a) who showed that cattle with more 
excitable temperament ratings had a higher incidence of dark cutting syndrome. As 
such, it is likely that selecting cattle for calmer temperament will reduce the incidence 
of dark, firm, dry beef, 
There was no effect of muscling genotype on flight speed, however the High
Het 
animals 
did have marginally higher crush score than the Low animals, suggesting they were 
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slightly more restless while confined in the crush (Grandin, 1993). Also, there was no 
effect of flight speed or crush score on animal performance such as average daily gain 
or live weight. The generally calm temperaments and low variance in flight speed and 
crush score between the animals in this study may explain why there was no effect of 
temperament on performance compared with the temperament variances measured in 
other studies (Voisinet et al., 1997b; Fell et al., 1999; Petherick et al., 2002). 
9.4.2 Effects of muscling  
The differences in resting muscle glycogen concentration were variable between 
sampling times, with the High muscling genotype animals having more than the Low 
muscle animals at biopsy 3, and less at biopsy 1. Thus, the hypothesis that selection for 
greater muscling will increase muscle glycogen storage was only partially supported by 
the results. The reason for this differential response between genotypes is unclear, 
however it appears not to be associated with an interaction with nutrition. This is 
because there were no differences evident when pasture availability and energy content 
were at their lowest (biopsy 2), or at their highest (biopsy 4). Furthermore, muscling 
genotype had no effect on glycogen depletion in the pre-slaughter period, or muscle 
lactate concentration, indicating that muscle glycogenolysis did not differ between 
muscling genotypes. As such, this suggests that selection for more muscular cattle can 
deliver retail beef yield and performance advantages as discussed below without a 
negative effect on glycogen concentration at slaughter.  
Our results contradict previous findings that showed cattle with muscle hypertrophy had 
higher blood lactate levels (Holmes et al., 1972; 1973) and appeared to have increased 
propensity for dark cutting (Young and Foot, 1984). However, the study of Holmes et 
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al. (1972) may have been confounded as the Angus cattle with muscle hypertrophy 
exhibited more excitable temperaments, while the more muscular cattle in the study by 
Young and Foot (1984) had a higher proportion of bulls, therefore the sex effects may 
have confounded differences due to muscle hypertrophy. 
The results of this study show that progeny from an Angus herd selected for increased 
muscling had larger eye muscle areas, less fat at the P8 rump and rib fat sites and higher 
dressing percentages, with no difference in birth, weaning, yearling or carcass weights, 
compared to the low muscling cattle. The more muscular animals also had less fat trim, 
higher percentage of retail primal cuts and a higher yield of retail beef from the carcass. 
These results are consistent with the findings of O'Rourke et al. (2009), who also 
demonstrated that more muscular cattle had higher retail beef yields and less fat. The 
high muscling cattle also had lesser quantities of marbling fat, an outcome that needs to 
be monitored if selection for muscling increases within the beef industry, as marbling 
accounts for around 10 – 15% of variance in palatability (Dikeman, 1987).  
9.4.3 Effects of nutrition  
The effects of feed quality and availability on muscle glycogen were not highly 
correlated in this study, rejecting the original hypothesis that muscle glycogen would be 
highest when animals graze high energy pasture. These findings do not align with other 
studies which have shown that high energy intakes increase muscle glycogen storage 
(McVeigh and Tarrant, 1982; Immonen et al., 2000b; Gardner et al., 2001). The animals 
in these studies were all fed different energy rations simultaneously in confined yards, 
minimising variation due to other environmental factors. However, the relationship is 
not as clear when animals are managed under commercial conditions and changes in 
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nutrition are evaluated over time, as was the case in this study. Other factors which 
influence both energy intake and expenditure include animal maturity, the size of the 
grazing area and hence distance travelled per animal per day, ambient temperature and 
weather conditions, with all of these likely to have affected muscle glycogen 
concentrations. Thus the variability in muscle glycogen at different biopsies cannot be 
explained by pasture quality and availability alone. Further studies may be warranted to 
evaluate the effects of exercise on muscle glycogen concentration in grazing animals, as 
well as the correlations with feed availability and ambient temperature.    
9.4.4 Effect of muscle type  
The more glycolytic ST had lower glycogen concentration than the more oxidative SM, 
as previously shown in other studies (Pethick et al., 1994; Gardner et al., 1999; Gardner 
et al., 2001). Less lactate in the SM biopsy samples suggests a lower level of 
glycogenolysis in the period immediately prior to the biopsy due to exercise and 
handling stress. These findings support the theory that contraction and exercise causes 
greater glycogenolysis in glycolytic myofibres (Lacourt and Tarrant, 1985) as evidenced 
in the ST. However, the percentage of glycogen loss during the pre-slaughter period was 
higher in the SM than the ST, suggesting that glycolytic muscles deplete less glycogen 
than the oxidative fibres if physical and exercise stress is minimised during the pre-
slaughter period, as occurred in this study.  
9.5 Conclusion  
Despite the fact that the variation in temperament of the steers as assessed by flight 
speed and crush score was not large, temperament still had a substantial effect on 
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resting muscle glycogen and lactate concentration. Animals with calm temperaments 
had higher resting glycogen concentration compared to more excitable animals. This is 
likely to result in increased glycogen prior to slaughter and a reduced incidence of dark, 
firm, dry beef. Cattle selected for greater muscularity had increased muscling, reduced 
fatness, and exhibited dressing percentage and retail beef yield advantages over their 
low muscling counterparts. The present study showed no negative effects of selection 
for muscling on muscle glycogen or glycogenolysis during the pre-slaughter period.    
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Chapter 10. General Discussion 
10.1 Selection for muscling - Benefits to industry 
Retail beef yield from a carcass is of high importance in production animals as it drives 
profitability and efficiency of production. Yield of a beef carcass is a reflection of the 
relative quantities of muscle, adipose tissue and bone. The proportions of muscle to 
adipose tissue underpin yield, making them very important when selecting breeding 
stock. Selecting of cattle using estimated breeding values, gene-markers or visual 
phenotypic selection can improve retail beef yield in the progeny. Chapter 3 and 9 show 
that Angus cattle selected for more than 15 years using visual muscle selection for wider 
more convex hindquarters and width through the top line (McKiernan, 2007) had higher 
retail beef yields, less fat trim, heavier carcass weights, reduced fatness, higher dressing 
percentages and larger eye muscle area than their low muscled counterparts, supporting 
our hypotheses. This indicates that selecting and producing more muscular cattle 
benefits both the producer and the processor. An increasing percentage of young cattle 
are being directly consigned to abattoirs in Australia with a reduction in the use of sale 
yards due to impacts on meat quality (dark cutting) plus stringent requirements of MSA 
(Thompson, 2002). This means that producers are increasingly being paid on a grid 
based system using carcass weight and fat depth.  Thus cattle with higher dressing 
percentages, adequate fat cover and heavier carcass weights are increasing the profits of 
producers. This is without accounting for differences in net feed efficiency as more 
muscular animals require less feed energy to deposit a gram of muscle than for adipose 
deposition. Higher yielding carcasses also increase processors profits. Thus the 
economic benefits of increased muscle and reduced adipose tissue are clear, but its 
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effect on meat quality, carbohydrate metabolism in muscle and fatty acid metabolism 
were poorly understood and formed the main topics of this thesis.  
Interestingly the results of chapter 3 and 9 show that yield advantages in the high 
muscling genotype were achieved whilst the level of subcutaneous fat was maintained 
in these animals. This is an important finding which contrasts with other studies which 
demonstrate the highly negative genetic correlation between muscle and fat (Sudre et 
al., 2005; Bernard et al., 2009). Due to the negative correlation, there is an expected 
reduction in intramuscular fat which might negatively affect eating quality. However in 
the high muscled cattle, intramuscular fat was not reduced (Chapter 3), suggesting that 
yield advantages can be achieved whilst maintaining eating quality of the carcass. This 
is an extremely important finding of this thesis.  
10.2 Predicting retail beef yield using computerised 
tomography scans    
In chapter 3, our results showed that carcass retail beef yield can be precisely predicted 
using computerised tomography (CT) scans of a hindlimb. CT scans of the striploin can 
also accurately predict the percentage of intramuscular fat (IMF) in this commercially 
important muscle commonly used for carcass grading (Thompson, 2002). CT scans 
have been recently used to assess carcass composition in beef cattle (Greenwood et al., 
2003; Navajas et al., 2010), but no previous studies have predicted retail beef yield of a 
carcass as in this study.  
CT scans can be used to predict carcass retail beef yield and IMF with good precision, 
providing a useful method for progeny testing, and research programs, although may 
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have less relevance as an industry measure for use within abattoirs. The limitations with 
CT scanning machines are availability and cost of machines with a large enough gantry 
to be used on whole beef carcasses. However our results did show that CT scans of 
hindlimb were accurate and may be a quicker, more economic alternative than total 
dissection for determination of carcass retail beef yield, which is the current benchmark 
and preferred method. CT scanning is definitely less time consuming, highly accurate in 
measuring tissues, not biased due to operators, and does not require skilled boners and 
slicers, which are both expensive and can introduce operator bias. For these reasons, 
breeding and research programs could utilise CT scan data rather than rely on carcass 
dissection for retail yield data. CT data can also be obtained quicker and cheaper, due to 
reduced labour costs compared to dissection data. CT could also be used in calibration 
studies and validation of new technologies which are being assessed for use on a 
commercial processing line like dual-component video image analysis (VIAScan) of 
carcasses.  
Speed of analysis, although quicker than manual dissection of tissues, is a limitation of 
CT scanning and could also be improved by using reference scans on a carcass or 
primal. In sheep, an experiment by Lambe et al. (2003) has shown that very accurate 
estimations of lean percentage can be made using 5 cross-sectional reference scans from 
various sites along the body. The use of reference scans is also a possibility in beef 
cattle to increase the speed of the procedure, reduce the time of analysis and reduce the 
cost. Given that CT scans are not detrimental to meat colour stability (Jose et al., 2009), 
it is likely that they will have no negative effects on meat quality provided meat hygiene 
standards are adhered to. 
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Although there are visual techniques to assess the quantity of IMF in the loin at the cut 
surface at a commercial speed, a single CT scan of the loin at the 12
th
 rib section could 
be an alternative to chemical determination using near infrared spectrophotometry. CT 
scans of the loin do not require a sample to be taken, hence are not detrimental to the 
carcass. CT scans are quicker and cheaper to analyse as there is less labour and no 
freeze drying required.  
10.3 Responsiveness to insulin 
A significant finding in this thesis was that selection for greater muscling increases the 
whole body insulin responsiveness (Chapter 4). Since muscle accounts for around 80% 
of all insulin dependent uptake of glucose (Kraegen et al., 1985), it is clear that animals 
with greater muscle mass would take up more blood glucose in response to insulin. 
However under constant insulin infusion, the quantity of glucose uptake by the high 
muscle genotype steers was higher than what could be accounted for due to an increase 
in muscle mass. This indicated that these high muscled steers have an alteration in 
muscle cellular metabolism. The increased insulin responsiveness per gram of muscle 
tissue in the high muscled steers, combined with higher IGF-1 concentrations, is likely 
to initiate a greater level of protein synthesis, which may partially explain the increased 
muscle accretion in these animals. 
Further research could also investigate the relative contribution of an increase in insulin 
responsiveness and reduced adrenaline sensitivity towards greater percentages of 
muscle in high muscled cattle. Evaluation of cell ribosome concentration in the muscle 
of high and low muscling animals could be useful as insulin can increase cell ribosome 
number, which will increase the cells capacity to synthesise protein (Proud, 2006). 
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10.3.1 Glucose transport 
Glucose transport is the rate-limiting step in insulin-stimulated glucose utilisation in 
muscle cells across most species (Ziel et al., 1988; Hocquette et al., 1995; Zierler, 
1999). Therefore, the high muscled cattle must have an increased rate of insulin 
mediated glucose transport and the active protein responsible for this would be the 
glucose transporter GLUT-4. Work by Picard et al. (1994) showed that muscles from 
„double muscled‟ cattle also had an alteration in muscle cellular metabolism increasing 
their glucose uptake. The same mecanisms may underpin the changes seen in this study.   
In contrast to research in rats (James et al., 1989; Henriksen et al., 1990; Goodyear et 
al., 1991; Marette et al., 1992) and humans (Lillioja et al., 1987), Hocquette et al. 
(1995) showed that glycolytic and oxido-glycolytic muscles in beef calves had higher 
expression of glucose transporter-protein (GLUT4) than in oxidative muscles. However 
our results in Chapter 5, show that only the steers with a myostatin mutation had a 
greater proportion of glycolytic fibres than the low muscled steers in the semitendinosus 
(ST). This would deliver a greater expression of GLUT-4 transporters in the muscle of 
these steers, increasing insulin responsiveness. On the other hand, the high muscling 
genotype steers had less glycolytic myofibres in the longissimus thoracis et lumborum 
(LTL) and no difference in the semimembranosus (SM) or ST compared with the low 
muscled animals. Thus their increased responsiveness to insulin must be delivered 
through other mechanisms. These could include an increased rate of translocation from 
the intracellular vesicles to the cell membrane or stronger level of signalling by insulin 
resulting in an increased quantity of GLUT-4 transporters being translocated in the high 
muscle animals (Watson and Pessin, 2001). These mechanisms and the density of 
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GLUT-4 transporters in high and low muscled cattle require further research to 
understand what is delivering the increased responsiveness in the high muscled steers. 
10.3.2 Adipose responsiveness 
The quantity of adipose tissue in the High and Low muscled steers may also alter their 
glucose utilisation. The reduced adiposity of the high muscling steers aligns with higher 
whole body insulin sensitivity but this alone does not quantitatively account for the 
higher insulin responsiveness. Thus, it is possible that the uptake of glucose by adipose 
tissue in high muscled leaner cattle could be higher. Possible explanations are that 
animals with increased adiposity have decreased blood flow in adipose tissue (Gregory 
et al., 1986) and decreased glucose utilisation per gram of adipose tissue. In accordance 
with this, adipose tissue cells enlarge as the quantity of triacylglycerol within them 
increases, which may dilute the density of GLUT-4 transporters coupled with lower 
level of stimulation by insulin as blood flow is reduced. However, even with possibly 
greater uptake of glucose by the adipose tissue of high muscled cattle, they are leaner 
(Chapter 3). This suggests that there may also be a catabolic mechanism controlling 
accretion of adipose tissue in these animals which has been supported by the results in 
Chapter 6. 
10.3.3 Glucose tolerance test 
The glucose tolerance test showed no differences between muscling genotypes for 
glucose clearance or insulin secretion rate. This methodology is broadly used in medical 
practice to evaluate if subjects are resistant to insulin (Nolan et al., 1994), and clearly all 
cattle types in this study were far from being clinically insulin resistant. Therefore it 
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was not useful in depicting small variation in insulin sensitivity between animals. The 
dose of glucose was also very large, eliciting an insulin response that is likely to have 
cancelled out any variation between animals that may have been seen at a lower level of 
insulin output more equivalent to those used with the constant insulin infusion. 
Furthermore, at very high glucose concentrations, there will be significant non-insulin 
dependant glucose utilisation across the body. 
10.4 Adrenaline responsiveness 
Exogenous doses of adrenaline were administered and plasma metabolite concentrations 
were measured to assess the responsiveness of the muscle, adipose tissue and liver. 
Contrary to our initial hypothesis, the high muscling genotypes had a lower muscle 
response at high levels of endogenous adrenaline infusion. Meanwhile, the adipose 
tissue of the high muscled steers was more responsive to adrenaline infusion and there 
was no difference between muscling genotypes in liver responsiveness to adrenaline 
infusion, both supporting the original hypotheses. 
10.4.1 Muscle responsiveness 
The lower muscle responsiveness to adrenaline of the high muscled genotype cattle 
indicates that during a stressful event, these animals will have lower levels of 
glycogenolysis. This is an important finding of this thesis from a practical point of view, 
as it is difficult to completely eliminate stress prior to commercial slaughter of beef 
cattle. Therefore, if muscular cattle mobilise less muscle glycogen due to the stress 
experienced between mustering and slaughter, they will have higher muscle glycogen 
concentrations, reducing the incidence of dark, firm, dry carcasses. These results 
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compare closely with work in sheep (Martin et al., 2011) where progeny from sires 
selected for high muscling breeding values also demonstrated reduced muscle 
responsiveness to adrenaline. 
At the high levels of adrenaline challenge, the high muscled cattle appeared to reach a 
plateau in the muscle response curves, while the low muscling genotype were still 
responding in a linear fashion. This may suggest even greater muscle responses within 
the low muscling genotype cattle at levels of adrenaline (stress) beyond those tested 
within this study. These higher levels of adrenaline are likely to be evident during the 
pre-slaughter period.  
Initially, the β2-adrenoreceptor density in the muscle was believed to be a likely driver 
of adrenaline sensitivity of this tissue. This theory was reliant on work in rats showed 
that the muscles with a higher proportion of oxidative myofibres had an increased 
density of β2-adrenoreceptors and associated increased rates of glycogenolysis (Martin 
et al., 1989). These β2-adrenoreceptor density differences suggest that muscle with more 
oxidative myofibres would be more responsive to adrenaline, which may also explain 
why ruminants are significantly more adrenaline responsive than pigs (Pethick et al., 
2005a). However the results from Chapter 7 show that the high muscled steers have 
more oxidative fibres in the LTL than the low muscle steers. If this difference is 
consistent across other muscles this would indicate a discrepancy between the finding in 
rats and the mechanisms involved with adrenaline sensitivity of muscle in cattle. Further 
research is warranted to examine the density of β2-adrenoreceptors in the muscle of high 
and low muscled cattle to ascertain if they are the mechanism driving the variation in 
response.  
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10.4.2 Adipose tissue responsiveness 
In response to adrenaline (stress), the high muscled cattle had higher levels of plasma 
NEFA, indicating more responsive adipose tissue and an increased rate of lipolysis. The 
high muscled cattle were leaner than the low muscling genotype steers (Chapter 3) 
suggesting that a lipolytic (or catabolic) mechanism is contributing to the reduced 
adiposity seen in these high muscled animals at slaughter. Research in sheep (Martin et 
al., 2011) also showed that lambs with high muscling sires also had an increase in 
adipose tissue response to adrenaline.  
The physiological mechanisms‟ underpinning this response to adrenaline in high 
muscled animals is unclear. However it is likely to be one or more of the following 
factors. Firstly, adipose tissue blood flow may be significantly higher in leaner animals, 
as the adipose cells are smaller with greater vascularisation (Gregory et al., 1986), 
increasing the rate and dispersion of adrenaline throughout the tissue. Secondly, in high 
muscled cattle there may be greater hormone sensitive lipase activity which is the key 
rate limiting enzyme of lipolysis or increased adipose triglyceride lipase activity which 
is largely responsible for lipolysis of triacylglycerol in skeletal muscle (Zimmermann et 
al., 2004). Thirdly, the lipid droplets in adipocytes of high muscled cattle may have a 
lower concentration of perilipin or increased phosphorylation of perilipin. This family 
of proteins only allow hormone sensitive lipase free access to the lipid droplet structure 
when they are phosphorylated (Holm et al., 2000) acting as a barrier until stimulation of 
the adipocytes. Lastly, the high muscled cattle had higher plasma growth hormone 
concentrations which is known to increase the sensitivity of adipose tissue to adrenaline 
(Pethick et al., 2005a). This may have resulted in an increase in adrenaline stimulated 
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lipolysis, but further clarification is needed to quantitatively determine what impact this 
is likely to have had. All these mechanisms require further attention to gain a greater 
understanding of what is underpinning the increased lipolysis due to adrenaline in high 
muscled animals.  
10.4.3 Effect of muscling on intramuscular fat  
The proportion of IMF in beef explains around 10 to 15% of the variance in tenderness 
(Dikeman, 1987), and for this reason is an important component of eating quality. The 
results from the commercial study of grass-fed Angus steers selected for muscling 
(Chapter 9) showed that the Low muscled steers had the highest MSA marbling score, 
and the steers that were heterozygous for a myostatin mutation had the lowest, with the 
High muscled steers in between. These results largely support the well documented 
evidence that „double muscled‟ cattle with mutations in the myostatin gene have 
reduced IMF. Wegner et al. (1998) demonstrated that the animals with a myostatin 
mutation have a) fewer islands of fat cell development in their longissimus thoracis 
muscle, b) a lower rate of growth of these islands and c) smaller adipocytes in marbling 
islands than conventional (i.e. non myostatin mutant) cattle. Therefore, the use of cattle 
with heterozygous myostatin mutations require on-going monitoring to ensure that it 
does not significantly impact on the eating quality of meat.  
BREEDPLAN correlations between eye muscle area and IMF are +.05 (AGBU, 2010) 
suggesting that selection for muscling and IMF can occur in unison, plus some sires will 
of course have very high positive correlations between the two traits. However, the 
correlation between retail beef yield and IMF is -.15 calculated from the Angus herd in 
Australia (AGBU, 2010), which is unfavourable but is not -1. Thus it is possible to 
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select and breed from animals which go against the trend and have a positive correlation 
between retail beef yield and IMF.   
Another explanation why high muscled genotypes may have less IMF could be related 
to the quantity of the recently discovered lipolytic lipase known as adipose triglyceride 
lipase (ATGL) (Zimmermann et al., 2004). Studies in hormone sensitive lipase null 
mice have shown that a residual level of lipolysis is maintained (Lafontan and Langin, 
2009) by ATGL, suggesting that it is also an important lipase of the release of NEFA. 
Another study by Haemmerle et al. (2006) showed that ATGL deficient mice had a 
significant accumulation of IMF, indicating that ATGL plays a pivotal role in skeletal 
muscle lipolysis. Therefore in cattle of different muscling genotypes, the activity of 
ATGL may also differ, affecting the storage of IMF, but there is minimal research of 
ATGL in cattle at this stage. Thus ATGL concentrations in the muscle of cattle warrants 
further investigation. 
10.5 Fibre type and enzyme activities 
The LTL of high muscled steers had less glycolytic type IIX myofibres, both in cell 
number, and as a proportion of total myofibre cross-sectional area compared to low 
muscling steers. They also had lower lactate dehydrogenase activity and higher citrate 
synthase and iso-citrate dehydrogenase activity. These were significant findings in this 
thesis that contradicted our initial hypothesis. The initial hypothesis was based on 
current literature which shows that high muscled cattle have a higher proportion of 
glycolytic fibres (McPherron and Lee, 1997; Wegner et al., 2000; Sudre et al., 2005; 
Greenwood et al., 2006b; Bernard et al., 2009). Most of this literature is based around 
„double muscled‟ animals with a mutated myostatin gene or from European breeds of 
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cattle, selected for increased muscle growth which also increases the proportion of 
glycolytic fibres (Cassar-Malek et al., 2005; Picard et al., 2006). Selection for muscling 
reduces the amount of fat in the carcass and increases muscle (Bernard et al., 2009) 
which is expected because negative pressure is placed on fatness which is included in 
the genetic index to increase yield in Europe. Thus differences in enzyme results 
between this study and current literature may also be due to selection for reduced 
fatness. High muscled cattle in this thesis were selected independently of their fat depth 
and the results show that the high and low muscled cattle have similar levels of 
subcutaneous fatness (Chapter 3 and 9). Thus it seems that the discrepancy in findings 
may be caused by the difference in selection criteria for the high muscled cattle in this 
study (+ muscle, No change in fat) verses other cattle from literature (+ muscle, - fat). 
There may also be a breed effect causing the discrepancy in results, with this study 
using early maturing Angus and others using later maturing breeds like Charolais. 
Another possibility explaining the discrepancy in results may due to the other studies 
(Sudre et al., 2005; Bernard et al., 2009) not determining if selection occurred in the 
absence of the myostatin mutation. The major variation in muscling and yield of those 
animals studied may have still been the result of a myostatin mutation. 
There was no difference in myofibre proportions or enzymes in the SM or ST, nor was 
there any variation in cross sectional area of myofibres between the high and low 
muscling genotypes. The steers with the myostatin mutation, did however have a greater 
proportion of glycolytic type IIX myofibres in the ST compared to the low and high 
muscled groups, which partially supported the hypothesis. This finding supports the 
majority of existing evidence.  
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This finding suggests that selection for muscling on a polygenic basis in beef cattle 
rather than relying on the effects of one gene (myostatin) may be more beneficial for the 
future of the beef industry as it presents a „safer‟ option. As evidenced in this study, 
polygenic selection for muscling can deliver retail beef yield, weight and dressing 
percentage advantages without decreasing the oxidative capacity of the muscle 
compared with low muscled animals. Furthermore, given the iron content of the oxygen 
binding protein myoglobin, these results also suggests that selection for muscling will 
not decrease iron content of beef from muscular cattle. Alternatively, increased muscle 
growth can be achieved with the assistance of myostatin mutations but then these 
detrimental effects associated with changes in fibre type are likely to impact.  
The results from chapter 7 identified increased myofibre hypotrophy of all muscle fibres 
as a mechanism responsible for the increase in muscle mass as shown in chapter 3 in the 
high muscling selection line steers. The cattle with the myostatin mutations had 
myofibre hypertrophy combined with an increase in proportion of type IIX myofibres, 
together increasing the muscle mass to a larger extent than in the high selection line. 
Myofibre hyperplasia or increased myofibre length may have also contributed to the 
increase in beef yield shown by the high muscling genotype animals and should be 
assessed in future studies.     
10.6 Influence of selection for muscling on glycogen 
The result with greatest impact for the beef industry from this thesis is that the High 
muscled steers had higher concentrations of muscle glycogen. Thus these animals have 
a higher glycogen concentration prior to the non-avoidable pre-slaughter stressors 
(Chapter 6). This will assist these animals to maintain higher concentrations of glycogen 
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at the time of slaughter to ensure that ultimate pH reaches a level below 5.7.  This 
demonstrates that selection for greater muscle mass and yield in beef cattle has the 
potential to alleviate the incidence of dark, firm, dry beef.  
At the outset of the mechanistic study (chapter 6), we hypothesised that selection for 
muscling would increase glycolytic capacity of the muscle and increase sensitivity to 
stress, reducing the storage of muscle glycogen. As previously discussed, all of these 
hypotheses were not supported by the results. It can be assumed that the increase in 
glycogen seen in the high muscled cattle is the result of a combination of factors. These 
steers had increased insulin responsiveness increasing the uptake of glucose into muscle 
cells promoting greater storage of muscle glycogen in the fed state (Chapter 5). 
Meanwhile, their muscle was less responsive to stress, minimising glycogenolysis under 
stressful conditions. These two results aligned well with the fact that the muscle of these 
steers had higher glycogen concentrations.  
10.6.1 Effect of myostatin mutation on glycogen  
Conclusions for the impact of the 821 del11 myostatin mutation on glycogen are 
tentative due to the limited number of animals (n=3) available in this study. The 
presence of the myostatin mutation did not increase or decrease the muscle glycogen 
concentration or their response to adrenaline compared to the High
 
muscling genotype 
steers. However, they did have higher retail beef yields and were more responsive to 
insulin. It is possible that their difference in proportion of glycolytic fibres is the 
mechanism altering their responsiveness to adrenaline compared to the high muscled 
steers. To make further conclusions on these animals based on the results of this study is 
not warranted given the small number of animals studied. 
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10.6.2 Effects of muscling genotype and nutrition in grass finished 
cattle 
The effect of muscling genotype and nutrition on muscle glycogen of grass fed Angus 
steers only partially supported our initial hypotheses (chapter 9) and were not as evident 
in these grass fed animals. The high muscling genotype steers did have higher muscle 
glycogen concentration, but this was only apparent at one biopsy time point, while at the 
others their muscle glycogen concentration were the same or lower than the Low 
muscled steers. These results suggest that selection for more muscular cattle can deliver 
retail beef yield and performance advantages with no negative affects on glycogen 
concentration at slaughter. Likewise with the effect of nutrition, the results for muscle 
glycogen did not correlate with pasture metabolisable energy levels. Glycogen was 
lowest when metabolisable energy, protein and feed availability were all low and was 
high when on high energy, high protein pastures. However the inconsistency was that 
glycogen was highest when the steers were on the restricted diet of poor quality pasture 
hay, with low availability of pasture. The results suggest that there are other factors, 
other than muscling genotype, nutrition and animal temperament that were affecting 
muscle glycogen concentrations. These may have been the quantity of exercise that the 
animals carried out in the weeks prior to the biopsy, the actual feed intakes of the 
animals, variations in temperatures and weather conditions or feedback regulation by 
the glycogen depot itself. All these factors were not evaluated and in future commercial 
studies need to be accounted for in the statistical model.   
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10.7 Meat Standards Australia (MSA) data mining study 
confirmed the benefits of more muscle 
Cattle with larger eye muscle area (EMA), after adjustment for carcass weight, had a 
lower average ultimate pH, indicating a lower incidence of dark, firm and dry beef 
syndrome. Eye muscle area measurements recorded at the time of MSA grading are a 
phenotypic indicator of muscularity, with typically more muscular animals having 
larger EMAs. The analysis of this very large industry data set supported our hypotheses 
and supported the findings from the controlled metabolic studies in this thesis (Chapters 
5, 6 and 7) that high muscled cattle have more muscle glycogen at the time of slaughter. 
The effect of muscling in the lighter cattle is possibly greater as they are possibly 
slaughtered coming off a lower plane of nutrition, causing a higher proportion to be 
below the glycogen threshold at slaughter where differences in ultimate pH become 
visible. There was possibly no effect of muscling in heavier animals as the majority of 
these cattle may have had a muscle glycogen concentration much greater than the 
threshold so differences in ultimate pH were not visible. Given these results align with 
the results from other chapters; it can be assumed that using phenotypic measures to 
evaluate effects on animal physiology are warranted, given there is a sufficient quantity 
of data.  
Increased marbling in lighter carcasses less than 300kg caused ultimate pH to increase, 
indicating that there is a negative effect of marbling on muscle glycogen. However, this 
response may be due to the same mechanisms as the relationship with decreased 
muscling as the two terms, EMA and marbling, are negatively correlated.     
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10.7.1 Effect of fat depth on pHu 
Cattle with increased subcutaneous fat depth at the quartering site also had lower 
ultimate pH. This is likely to be simply associated with nutrition rather than being 
mechanistic in itself. Improved nutrition would result in increased adiposity as well as 
providing greater nutrient availability for glycogenesis, ultimately increasing accretion 
of muscle glycogen and fat. As stated previously, a limitation with analysis of MSA 
data is that there is no possibility of determining the effect of environment on animal 
phenotype. Rib fat depth would be influenced strongly by environment (nutrition) which 
is difficult to account for in the statistical model. The identification of cattle from 
registered feedlots and month accounted for variation due to grain feeding and pasture 
quality due to seasonality, however, the animals that were grain assisted could not be 
identified in the data. This is possibly why there was a large effect of fat depth on 
ultimate pH as these supplemented or grain assisted animals could not be identified in 
the model.  Furthermore, this result could indicate that nutrition throughout life may 
impact on glycogen concentration at slaughter, combined with the plane of nutrition in 
the final few weeks before slaughter. 
10.8 Animal temperament effects glycogenolysis 
The final study in commercially grass finished Angus steers demonstrated that animal 
temperament greatly affects resting muscle glycogen concentrations. The animals with 
higher flights speeds and crush scores had lower resting muscle glycogen and higher 
muscle lactate at the time of biopsy, signalling increased glycogenolysis due to the 
handling stress of the biopsy. This means that the quieter, less stressed animals had 
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higher resting muscle glycogen levels and a larger buffer prior to the pre-slaughter 
period. Some degree of pre-slaughter stress is inevitable (Ferguson and Warner, 2008), 
so the higher the resting glycogen concentration, the lower the incidence of dark, firm, 
dry carcasses. This is a very important finding of this thesis and it suggests that beef 
producers should be selecting for improved temperament and reduced flight speed 
measurements (Reverter et al., 2003) or high docility estimated breeding values. This 
study was conducted on relatively quiet cattle with reasonably limited variation in flight 
speed and crush score, however there was still a strong negative correlation with 
glycogen and strong positive correlation with muscle lactate. Thus in mobs of cattle 
with greater variation, the effect of temperament on muscle glycogen and meat quality 
may be more pronounced. 
260 
 
References 
Abraham HC, Murphey CE, Cross HR, Smith GC and Franks WJJ 1980. Factors 
affecting beef carcass cutability: an evaluation of the U.S.D.A. yield grades for beef. 
Journal of Animal Science 50, 841-851. 
ABS 2010. Livestock products. In Livestock slaughtered - excluding chickens 
Australian Bureau of Statistics, Canberra. 
AGBU 2010. Genetic relationships between traits. In (Ed. AgaB Unit)Angus Australia, 
Armidale, N.S.W. 
Alonso MD, Lomako J, Lomako WM, Whelan WJ and Preiss J 1994. Properties of 
carbohydrate-free recombinant glycogenin expressed in an Escherichia coli mutant 
lacking UDP-glucose pyrophosphorylase activity. FEBS Letters 352, 222 - 226. 
Alston CL, Mengersen KL, Robert CP, Thompson JM, Littlefield PJ, Perry D and Ball 
AJ 2007. Bayesian mixture models in a longitudinal setting for analysing sheep CAT 
scan images. Computational Statistics & Data Analysis 51, 4282-4296. 
Andersen BB, Lykke T, Kousgaard K, Buchter L and Pedersen JW 1977. Growth, feed 
utilization, carcass quality and meat quality in Danish dual-purpose cattle: Genetic 
analysis concerning 5 years data from the progeny tests for beef production at Egtved. 
Beretning fra Statens Husdyrbrugsforsoeg 453, 86. 
Annison EF 1984. The metabolism of neutral and acidic lipids by tissues of the 
ruminant. In Herbivore Nutrition in the Subtropics and Tropics (eds. FMC Gilchrist and 
RI Mackie), pp. 549 - 570, The Science Press, Pretoria. 
Annison EF and Armstrong DG 1970. Volatile fatty acid metabolism and energy 
supply. In Physiology of Digestion and Metabolism in the Ruminant (ed. AT 
Phillipson), pp. 422 - 451, Oriel Press, Newcastle. 
261 
 
Anon 1983. A rapid method for estimation of water and fat by microwave drying. In 
Meat Research Report 83/4 (Ed. CSIRO)CSIRO Division of Food Research, Cannon 
Hill. 
Ansay M 1974. The individual muscles of the bovine species and the enzymatic 
techniques of analysing these muscles. Annual Biological Journal of Animal 
Biochemistry and Biophysiology 14, 471 - 486. 
Arguello A, Lopez-Fernandez JL and Rivero JL 2001. Limb myosin heavy chain 
isoproteins and muscle fibre types in the adult goat (Capra hircus). The Anatomical 
Record 264, 284 - 293. 
Arthur PF 1995. Double muscling in cattle: a review. Australian Journal of Agricultural 
Research 46, 1493-1515. 
Ashmore CR and Doerr L 1971. Comparative aspects of muscle fiber types in different 
species. Experimental Neurology 31, 408 - 418. 
AUS-MEAT 1998. Handbook of Australian Meat. AUS-MEAT Ltd, Brisbane. 
AUS-MEAT 2005. Handbook of Australian Meat. AUS-MEAT Ltd., Brisbane. 
Ayyangar L 2007. Skewness, multicollinearity, heteroskedasticity - You name it, cost 
data have it! Solutions to violations of assumptions of ordinary least squares regression 
models using SAS
® 
In Proceedings of the SAS Global Forum (Ed. RC Fecht), p. 7. SAS 
Institute Inc., Cary, NC, USA, Orlando, Florida. 
Bailey AJ, Enser MB, Dransfield E, Restall DJ and Avery NC 1982. Muscle and 
adipose tissue from normal and double-muscled cattle: collagen types, muscle fibre 
diameter, fat cell size and fatty acid composition and organoleptic properties. In Muscle 
Hypertrophy of Genetic Origin and its Use to Improve Beef Production (eds. JWB King 
and F Menisier), pp. 178 – 203, Martinus Nijhoff Publishers, The Hague. 
Ball AJ, Thompson JM, Alston CL, Blakely AR and Hinch GN 1998. Changes in 
maintenance energy requirements of mature sheep fed at different levels of feed intake 
262 
 
at maintenance, weight loss and realimentation. Livestock Production Science 53, 191-
204. 
Ballard FJ, Read LC, Francis GL, Bagley CJ and Wallace JC 1986. Binding properties 
and biological potencies of insulin-like growth factors in L6 myoblasts. Biochemical 
Journal 233, 223 - 230. 
Bär A and Pette D 1988. Three fast myosin heavy chains in adult rat skeletal muscle. 
FEBS Letters 235, 153 - 155. 
Barbe P, Millet L, Galitzky J, Lofontan M and Berlan M 1996. In situ assessment of the 
role of β1-, β2- and β3-adrenoreceptors in the control of lipolysis and nutrtive blood 
flow in human subcutaneous adipose tissue. British Journal of Pharmacology 117, 907 - 
913. 
Barham D and Trinder P 1972. An improved colour reagent for the determination of 
blood glucose by the oxidase system. Analyst 97, 142 - 145. 
Barthelmai W and Czok R 1962. Enzymatic determinations of glucose in the blood, 
cerebrospinal fluid and urine. Journal of Molecular Medicine 40, 585-589. 
Bass PD, Scanga JA, Chapman PL, Smith GC, Tatum JD and Belk KE 2008. 
Recovering value from beef carcasses classified as dark cutters by United States 
Department of Agriculture graders. Journal of Animal Science 86, 1658-1668. 
Bassett JM and Wallace ALC 1966. Diluents for insulin standards in immunoassay of 
insulin in undiluted ovine plasma by a double antibody technique. Journal of 
Endocrinology 36, 99 - 100. 
Bauman DE 1992. Bovine somatotropin: Review of an emerging animal technology. 
Journal of Dairy Science 75 3432. 
Bauman DE and Currie WB 1980. Partitioning of nutrients during pregnancy and 
lactation: a review of mechanisms involving homeostasis and homeorhesis. J Dairy Sci 
63, 1514-1529. 
263 
 
Belfrage P, Fredrickson G, Stalfors P and Tornquist H 1984. Adipose tissue lipases. In 
Lipases (eds. B Borgstrom and H Brockman), pp. 366 - 416, Elsevier, Amsterdam, The 
Netherlands. 
Bellmann O, Wegner J, Teuscher F, Schneider F and Ender K 2004. Muscle 
characteristics and corresponding hormone concentrations in different types of cattle. 
Livestock Production Science 85, 45-57. 
Bendall JR 1978. Variability in rates of pH fall and of lactate production in the muscles 
on cooling beef carcasses. Meat Science 2, 91-104. 
Bendall JR and Wismer-pedersen J 1962. Some properties of the fibrillar proteins of 
normal and watery pork muscle. Journal of Food Science 27, 144-159. 
Bennett GL and Williams CB 1998. Modelling efficiency and carcass composition. In 
Proceedings of the 6th congress on genetic applied to livestock production, pp. 93 - 100. 
Bergman EN 1990. Energy contibutions of volatile fatty acids from the gastrointestinal 
tract in various species. Physiological Reviews 70, 567. 
Bergman EN, Reulein SS and Corlett RE 1989. Effects of obesity on insulin sensitivity 
and responsiveness in sheep. American Journal of Physiology (Endocrinology & 
Metabolism) 257, E772 - E781. 
Bernard C, Cassar-Malek I, Renand G and Hocquette JF 2009. Changes in muscle gene 
expression related to metabolism according to growth potential in young bulls. Meat 
Science 82, 205 - 212. 
Boukhliq R, Martin GB, White CL, Blackberry MA and Murray PJ 1997. Role of 
glucose, fatty acids and protein in regulation of testicular growth and secretion of 
gonadotrophin, prolactin, somatotrophin and insulin in the mature ram. Reproduction, 
Fertility and Development 9, 515 - 524. 
Brandstetter AM, Picard B and Geay Y 1998. Muscle fibre characteristics in four 
muscles of growing bulls I. Postnatal differentiation. Livestock Production Science 53, 
15-23. 
264 
 
BREEDPLAN 2010. BREEDPLAN EBV's - "The traits explained". In BREEDPLAN 
tip sheets (Ed. ABR Institute), Armidale, NSW. 
Breier BH, Gallaher BW and Gluckman PD 1991. Radioimmunoassay for insulin-like 
growth factor-I: solutions to some potential problems and pitfalls. Journal of 
Endocrinology 128, 347-357. 
Briand M, Talmant A, Briand Y, Monin G and Durand R 1981. Metabolic types of 
muscle in sheep: I. Myosin ATPase, glycolytic and mitochondrial enzyme activities. 
European Journal of Applied Physiology and Occupational Physiology 46, 347 - 358. 
Brooke MH and Kaiser KK 1970. Muscle fiber types: How many and what kind? 
Archives of Neurology 23, 369 - 379. 
Brown SN, Bevis EA and Warriss PD 1990. An estimate of the incidence of dark 
cutting beef in the United Kingdom. Meat Science 27, 249-258. 
Bruce HL, Scott JR and Thompson JM 2001. Application of an exponential model to 
early postmortem bovine muscle pH decline. Meat Science 58, 39-44. 
Burrow HM 1997. Measurements of temperament and their relationships with 
performance traits of beef cattle. Animal Breeding Abstracts 65, 477 - 495. 
Burrow HM, Seifert GW and Corbet NJ 1988. A new technique for measuring 
temperament in cattle. In The Australian Society of Animal Production p. 154 157. 
Cafe LM, O'Rourke BA, McKiernan WA and Greenwood PL 2006. Carcass and yield 
characteristics of steers from Angus muscling selection lines with normal and mutant 
myostatin alleles. In Australian Society of Animal Production 26th Biennial 
Conference, Perth, W.A., p. Short communication. 
Cameron ND, Nute GR, Brown SN, Enser M and Wood JD 1999. Meat quality of Large 
White pig genotypes selected for components of efficient lean growth rate. Animal 
Science 68, 115 - 127. 
265 
 
Campbell AW, Bain WE, McRae AF, Broad TE, Johnstone PD, Dodds KG, Veenvliet 
BA, Greer GJ, Glass BC, Beattie AE, Jopson NB and McEwan JC 2003. Bone density 
in sheep: genetic variation and quantitative trait loci localisation. Bone 33, 540-548. 
Campbell DG and Cohen P 1989. The amino acid sequence of rabbit skeletal muscle 
glycogenin. European Journal of Biochemistry 185, 119 125. 
Cannell RC, Tatum JD, Belk KE, Wise JW, Clayton RP and Smith GC 1999. Dual-
component video image analysis system (VIASCAN) as a predictor of beef carcass red 
meat yield percentage and for augmenting application of USDA yield grades. Journal of 
Animal Science 77, 2942-2950. 
Cappucio I, Martichelli C, Serracchioli A, Nardone A, Filippini F, Ajmone-Marsan P 
and Valentini A 1998. A G-T transversion introduces a stop codon at the mh locus in 
hypertrophic Marchigiana beef subjects. Animal Genetics 29, 51. 
Cassar-Malek I, Ueda Y, Bernard C, Jurie C, Sudre K, Listrat A, Barnola I, Gentes G, 
Leroux C, Renand G, Martin P and Hocquette JF 2005. Molecular and biochemical 
muscle charateristics of Charolais bulls divergently selected for muscle growth. In 
Indicators of milk and beef quality (eds. JF Hocquette and S Gigli), pp. 371 - 377, 
Wageningen Academic Publishers, Wageningen, The Netherlands. 
Chan DM and Exton JH 1976. A rapid method for the dtermination of glycogen content 
and radioactivity in small quantities of tissue or isolated hepatocytes. Analytical 
Biochemistry 71, 96 - 105. 
Choe JH, Choi YM, Lee SH, Shin HG, Ryu YC, Hong KC and Kim BC 2008. The 
relation between glycogen, lactate content and muscle fiber type composition, and their 
influence on postmortem glycolytic rate and pork quality. Meat Science 80, 355-362. 
Chrousos GP 1998. Stressors, stress and neuroendocrine integration of the adaptive 
response: The 1997 Hans Selye memorial lecture. In Stress of life from molecules to 
man (ed. PC Sermely), pp. 311 - 335, Academy of Science, New York, USA  
Church DC 1979. Digestive Physiology and Nutrition of Ruminants. O & B Books Inc., 
Oregan. 
266 
 
Clarenberg R 1992. Physiological Chemistry of Domestic Animals. Mosby-Year Book 
Inc., St. Louis. 
Clinquart A, Van Eenaeme C, Van Vooren T, Van Hoof J, Hornick JL and Istasse L 
1994. Meat quality in relation to breed (Belgian blue vs. Holstein) and conformation 
(double-muscled vs. dual purpose type). Sci. Alim. 14, 401 - 407. 
Cook CF, Bray RW and Weckel KG 1964. Variations in the quantity and distribution of 
lipid in the bovine longissimus dorsi. Journal of Animal Science 23, 329-331. 
Crouse JD and Dikeman ME 1976. Determinates of retail product of carcass beef. 
Journal of Animal Science 42, 584-591. 
Crouse JD, Smith SB and Prior RL 1984. Bovine muscle glycogen as affected by 
fasting and refeeding. Journal of Animal Science 59, 384-387. 
Daly BL, Gardner GE, Ferguson DM and Thompson JM 2006. The effect of time off 
feed prior to slaughter on muscle glycogen metabolism and rate of pH decline in three 
different muscles of stimulated and non-stimulated sheep carcasses. Australian Journal 
of Agricultural Research 57, 1229 -1235. 
DeFronzo RA, Tobin JD and Andres R 1979. Glucose clamp technique: a method for 
quantifying insulin secretion and resistance  American Journal of Physiology 
(Endocrinology, Metabolism and Gastrointestinal Physiology)  237, E214-E223. 
Denhertogmeischke MJA, Smulders FJM, Vanlogtestijn JG and Vanknapen F 1997. 
Effect of electrical stimulation on the water-holding capacity and protein denaturation 
of two bovine muscles. Journal of Animal Science 75, 118 - 124. 
Dikeman ME 1987. Fat reduction in animals and the effects on palatability and 
consumer acceptance of meat products. In Reciprocal Meat Conference, pp. 93-103. 
Douen AG, Ramlal T, Rastogi S, Bilan PJ, Cartee GD, Vranic M, Holloszy JO and Klip 
A 1990. Exercise induces recruitment of the "insulin-responsive glucose transporter". 
Evidence for distinct intracellular insulin- and exercise- recruitable transporter pools in 
skeletal muscle. Journal of Biological Chemistry 265, 13427 - 13430. 
267 
 
Downing JA, Joss J, Connell P and Scaramuzzi RJ 1995 Ovulation rate and the 
concentrations of gonadotrophic and metabolic hormones in ewes fed lupin grain. 
Journal of Reproduction and Fertility 103, 137-145. 
Drackley JK, Overton TR and Douglas GN 2001. Adaptations of glucose and long-
chain fatty acid metabolism in liver of dairy cows during periparturient period. Journal 
of Dairy Science 84, E100 - E112. 
Dransfield E 1981. Eating quality of beef. In The problem of dark-cutting in beef (eds. 
DE Hood and PV Tarrant), pp. 344 – 358, Martinus Nijhoff Publishers, The Hague. 
Dransfield E 1993. Modelling post-mortem tenderisation--IV: Role of calpains and 
calpastatin in conditioning. Meat Science 34, 217-234. 
Duehlmeier R, Sammet K, Widdel A, Engelhardt Wv, Wernery U, Kinne J and 
Sallmann H-P 2007. Distribution patterns of the glucose transporters GLUT4 and 
GLUT1 in skeletal muscles of rats (Rattus norvegicus), pigs (Sus scrofa), cows (Bos 
taurus), adult goats, goat kids (Capra hircus), and camels (Camelus dromedarius). 
Comparative Biochemistry and Physiology, Part A 146, 274 - 282. 
Duncombe WG 1964. The colorimetric micro-determinations of non-esterified fatty 
acids in plasma. Clinica Chimica Acta 9, 122 - 125. 
Dunner S, Miranda ME, Amigues Y, Canon J, Georges M, Hanset R, Williams J and 
Menissier F 2003. Haplotype diversity of the myostatin gene among beef cattle breeds. 
Genetic Selection Evolution 35, 103 - 118. 
Dunshea FR, Boisclair YR, Bauman DE and Bell AW 1995. Effects of bovine 
somatotropin and insulin on whole-body and hindlimb glucose metabolism in growing 
steers. Journal Animal Science 73, 2263-2271. 
Eisemann JH, Hammond AC, Bauman DE, Reynolds PJ, McCutcheon SN, Tyrrell HF 
and Haaland GL 1986. Effect of bovine growth hormone administration on metabolism 
of growing Hereford heifers: protein and lipid metabolism and plasma concentrations of 
metabolites and hormones. Journal of Nutrition 116, 2504-2515. 
268 
 
Elliot M, Gahan R and Sundstrom B 1987. Assessing cattle for muscle. In Agfact 
A2.3.27 (Ed. R Gaden), pp. 1 - 5. NSW Department of Agriculture, Orange, NSW. 
Epley RJ, Hedrick HB, Stringer WC and Hutcheson DP 1970. Prediction of weight and 
percent retail cuts of beef using five carcass measurements. Journal of Animal Science 
30, 872-879. 
Essen-Gustavsson B, Karlstrom K, Lundstrom K, Enfalt A-C and (1994) Intramuscular 
fat and muscle fibre lipid contents in halothane-gene-free pigs fed high or low protein 
diets and its relation to meat quality. Meat Science 38 - 1994. Intramuscular fat and 
muscle fibre lipid contents in halothane-gene-free pigs fed high or low protein diets and 
its relation to meat quality. Meat Science 38, 269 - 277. 
Estévez M, Morcuende D and Cava López R 2003. Physico-chemical characteristics of 
M. Longissimus dorsi from three lines of free-range reared Iberian pigs slaughtered at 
90 kg live-weight and commercial pigs: a comparative study. Meat Science 64, 499-
506. 
Etherton TD 1982. The role of insulin-receptor in interactions in regulation of nutrient 
utilization by skeletal muscle and adipose tissue; a review. Journal of Animal Science 
54, 58 - 67. 
Etherton TD and Louveau I 1992. Manipulation of adiposity by somatotropin and beta-
adrenergic agonists. A comparison of their mechanisms of action. In Nutrition Society, 
pp. 419 - 431. 
Etherton TD, Evock CM and Kensinger RS 1987. Native and recombinant bovine 
growth hormone antagonize insulin action in cultured bovine adipose tissue. 
Endocrinology 121 2. 
Fabiansson SU, Shorthouse WR and Warner WR 1989. Dark cutting in cattle and sheep. 
In Report Number 89/2 Australian Meat and Livestock Research Corporation, Sydney. 
Faustman C and Cassens RG 1990. The biochemical basis for discoloration in fresh 
meat: a review. Journal of Muscle Foods 1, 217-243. 
269 
 
Fell LR, Colditz IG, Walker KH and Watson DL 1999. Associations between 
temperament, performance and immune function in cattle entering a commercial 
feedlot. Australian Journal of Experimental Agriculture 39, 795 - 802. 
Ferguson DM and Warner RD 2008. Have we underestimated the impact of pre-
slaughter stress on meat quality in ruminants? Meat Science 80, 12-19. 
Ferguson DM, Bruce HL, Thompson JM, Egan AF, Perry D and Shorthose WR 2001. 
Factors affecting beef palatability - Farmgate to chilled carcass. Australian Journal of 
Experimental Agriculture 41, 879 - 891. 
Fiems LO, Van Hoof J, Uytterhaegen L, Boucque CV and Demeyer D 1995. 
Comparative quality of meat from double-muscled and normal beef cattle. In 
Expression of tissue proteinases and regulation of protein degradation as related to meat 
quality (eds. A Ouali, D Demeyer and FJM Smulders), pp. 381 - 393, ECCEAMST, 
Utrecht. 
Fordyce G, Goddard ME and Seifert GW 1982. The measurement of temperament in 
cattle and the effect of experience and genotype. In Proceedings of the Australian 
Society of Animal Production, pp. 329 - 332. 
Fournier PA and Guderley H 1992. Metabolic fate of lactate after vigorous activity in 
the leopard frog, Rana pipiens. The American Journal of Physiology 262, R245 - R254. 
Fredrickson G, Tornqvist H and Belfrage P 1986. Hormone-sensitive lipase and 
monoacyglycerol lipase are both required for complete degradation of adipocyte 
triacylglycerol. Biochimica et Biophysica Acta 876, 288 - 293. 
Gardner GE, Kennedy L, Milton JTB and Pethick DW 1999. Glycogen metabolism and 
ultimate pH of muscle in Merino, first-cross and second-cross wether lambs as affected 
by stress before slaughter. Australian Journal of Agricultural Research 50, 175-181. 
Gardner GE, McIntyre BL, Tudor GD and Pethick DW 2001. The impact of nutrition on 
bovine muscle glycogen metabolism following exercise. Australian Journal of 
Agricultural Research 52, 461-470. 
270 
 
Gardner GE, Pethick DW, Greenwood PL and Hegarty RS 2006. The effect of genotype 
and plane of nutrition on rate of pH decline post mortem and the expression of 
enzymatic markers of metabolism in lamb carcasses. Australian Journal of Agricultural 
Research 57, 661 - 670. 
Gerber N, Brogioli R, Hattendorf B, Scheeder MRL, Wenk C and Gunther D 2009. 
Variability of selected trace elements of different meat cuts determined by ICP-MS and 
DRC-ICPMS. animal 3, 166 - 172. 
Glasbey CA and Robinson CD 2002. Estimators of tissue proportions from X-Ray CT 
Images. Biometrics 58, 928-936. 
Goodyear LJ, Hirshman MF, Smith RJ and Horton ES 1991. Glucose transporter 
number, activity, and isoform content in plasma membranes of red and white skeletal 
muscle. American Journal of Physiology (Endocrinology & Metabolism) 261, E556- 
E561. 
Grandin T 1980. Livestock behaviour as related to handling facilities design. 
International Journal for the Study of Animal Problems 1, 33 - 52. 
Grandin T 1993. Behavioral agitation during handling of cattle is persistent over time. 
Applied Animal Behavior Science 36, 1. 
Gravert HO 1963. Investigations on the heritability of meat characteristics in cattle II. 
protein content, pH value, colour, muscle fibre thickness, tenderness. Archives of 
Animal Breeding and Genetics 78, 139 - 178. 
Gravholt CH, Schmitz O, Simonsen L, Boulow J, Christiansen JS and Moller N 1999. 
Effects of physiological GH pulse on interstitual glycerol in abdominal and femoral 
adipose tissue. American Journal of Physiology 277, E848 - E854. 
Greenwood PL, Gardner GE and Hegarty RS 2006a. Lamb myofibre characteristics are 
influenced by sire estimated breeding values and pastoral nutritional system. Australian 
Journal of Agricultural Research 57, 627-639. 
271 
 
Greenwood PL, Harden S and Hopkins DL 2007. Myofibre characteristics of ovine 
longissimus and semitendinosus muscles are influenced by sire breed, gender, rearing 
type, age and carcass weight. Australian Journal of Experimental Agriculture 47, 1137-
1146. 
Greenwood PL, Hunt AS, Hermanson JW and Bell AW 2000. Effects of birth weight 
and postnatal nutrition on neonatal sheep: II. Skeletal muscle growth and development. 
Journal of Animal Science 78, 50-61. 
Greenwood PL, Cafe LM, O'Rourke BA and McKiernan WA 2006b. Myofibre 
characteristics in M. semitendinosus of steers from Angus muscling selection lines with 
normal and mutant myostatin alleles. In Proceeding of Australian Society of Animal 
Production 26th Biennial Conference, Perth, W.A., p. Short communication 15. 
Greenwood PL, Tomkins NW, Hunter RA, Allingham PG, Harden S and Harper GS 
2009. Bovine myofiber characteristics are influenced by postweaning nutrition. Journal 
of Animal Science 87, 3114-3123. 
Greenwood PL, Hearnshaw H, Hennessy DW, McClelland S, Brunner J, Johns W, 
Sinclair S, Woodgate R, Reynolds P, Blakely AR, Littlefield PJ, Dunshae FR and 
Thompson JM 2003. Prediction of body composition of yound cattle using 
computerised axial tomography (CAT scanning): 2. Weaner calves. In The Beef 
Products Program: Technology - Our Future, Tocal College, Paterson, NSW,  
Gregory NG, Christopherson RJ and Lister D 1986. Adipose tissue capillary blood flow 
in relation to fatness in sheep. Research in Veterinary Science 40, 352 - 356. 
Greiner SP, Rouse GH, Wilson DE, Cundiff LV and Wheeler TL 2003. Prediction of 
retail product weight and percentage using ultrasound and carcass measurements in beef 
cattle. J. Anim Sci. 81, 1736-1742. 
Grobet L, Poncelet D and al. e 1998. Molecular definition of an allelic series of 
mutations disrupting the myostatin function and causing double-muscling in cattle. 
Mammalian Genome 9, 210 - 213. 
272 
 
Grobet L, Martin LJR, Poncelet D, Pirottin D, Brouwers B, Riquet J, Schoeberlein A, 
Dunner S, Menissier F, Massabanda J, Fries R, Hanset R and Georges M 1997. A 
deletion in the bovine myostatin gene causes the double-muscled phenotype in cattle. 
Nature Genetics 17, 71 - 74. 
Grunert KG, Bredahl L and Brunsø K 2004. Consumer perception of meat quality and 
implications for product development in the meat sector--a review. Meat Science 66, 
259-272. 
Hadfield JD 2010. MCMC methods for multi-response generalized linear mixed 
models: the MCMCglmm R package. Journal of Statistical Software 33, 1 - 22. 
Haemmerle G, Zimmermann R, Hayn M, Theussl C, Waeg G, Wagner E and al. e 
2002a. Hormone-sensitive lipase deficiency in mice causes diglyceride accumulation in 
adipose tissue, muscle and testis. Journal of Biological Chemistry 277, 4804 - 4815. 
Haemmerle G, Zimmermann R, Strauss JG, Kratky D, Reiderer M, Knipping G and al. e 
2002b. Hormone-sensitive lipase deficiency in mice changes the plasma lipid profile by 
affecting the tissue specific expression pattern of lipoprotein lipase in adipose tissue and 
muscle. Journal of Biological Chemistry 277, 12946 - 12952. 
Haemmerle G, Lass A, Zimmermann R, Gorkiewicz G, Meyer C, Rozman J, Heldmaier 
G, Maier R, Theussl C, Eder S, Kratky D, Wagner EF, Klingenspor M, HoeXer G and 
Zechner R 2006. Defective lipolysis and altered energy metabolism in mice lacking 
adipose triglyceride lipase. Science 312, 734 - 737. 
Hales CN and Randle PJ 1963. Immunoassay of insulin with insulin-antibody 
precipitate. Biochemical Journal 88, 137 - 146. 
Harada K, Shen WJ, Patel S, Natu V, Wang J, Osuga JI and al. e 2003. Resistance to 
high fat diet-induced obesity and altered expression of adipose-specific genes in HSL-
deficient mice. American Journal of Physiology, Endocrinology & Metabolism 285, 
E1182 - E1195. 
Harmancey R, Senard JM, Pathak A, Desmoulin F, Claparols C, Rouet P and al. e 2005. 
The vasoactive peptide adrenomedullin is secreted by adipocytes and inhibits lipolysis 
273 
 
through NO-mediated beta-adrenergic agonist oxidation. FASEB Journal 19, 1045 - 
1047. 
Hartley HO 1961. The modified Gauss-Newton method for the fitting of non-linear 
regression functions by least squares. Technometrics 3, 269 - 280. 
Hearnshaw H and Morris CA 1984. Genetic and environmental effects on the 
temperament score in beef cattle. Australian Journal of Agricultural Research 35, 723 - 
733. 
Hearnshaw H, Barlow R and Want G 1979. Development of a "temperament" or 
"handling difficulty" score for cattle. In Proceedings of the Australian Society of 
Animal Breeding and Genetics, pp. 164 - 166. 
Hendrick HB, Aberle ED, Forrest JC, Judge MD and Merkel RA 1994. Principals of 
Meat Science. Kendall/Hunt Publishing Company, Dubuque, IA. 
Henriksen EJ, Bourey RE, Rodnick KJ, Koranyi L, Permutt MA and Holloszy JO 1990. 
Glucose transporter protein content and glucose transport capacity in rat skeletal 
muscles. American Journal of Physiology, Endocrinology and Metabolism 259, E593-
E598. 
Herbein JH, Van Maanen RW, McGillard AD and Young JW 1978. Rumen Proprionate 
and Blood Glucose Kinetics in Growing Cattle Fed Isoenergetic Diets. Journal of 
Nutrition 108, 994. 
Hocquette JF, Ortigues-Marty I, Pethick D, Herpin P and Fernandez X 1998. Nutritional 
and hormonal regulation of energy metabolism in skeletal muscles of meat-producing 
animals. Livestock Production Science 56, 115-143. 
Hocquette JF, Bas P, Bauchart D, Vermorel M and Geay Y 1999. Fat partitioning and 
biochemical characteristics of fatty tissues in relation to plasma metabolites and 
hormones in normal and double-muscled young growing bulls. Comparative 
Biochemistry and Physiology Part A 122, 127 - 138. 
274 
 
Hocquette JF, Bornes F, Balage M, Ferre P, Grizard J and Vermorel M 1995. Glucose-
transporter (GLUT4) protein content in oxidative and glycolytic skeletal muscles from 
calf and goat. Biochemistry Journal 305, 465-470. 
Holm C, Osterlund T, Laurell H and Contreras JA 2000. Molecular mechanisms 
regulating hormone-sensitive lipase and lipolysis. Annual Review of Nutrition 20, 365-
393. 
Holmes JHG, Robinson DW and Ashmore CR 1972. Blood lactic acid and behaviour in 
cattle with hereditary muscular hypertrophy. Journal of Animal Science 35, 1011 - 
1013. 
Holmes JHG, Ashmore CR and Robinson DW 1973. Effects of stress on cattle with 
hereditary muscular hypertrophy. Journal of Animal Science 36, 684 - 694. 
Hopkins DL and Roberts AHK 1995. The value of carcass weight, fat depth measures 
and eye muscle area for predicting the percentage yield of saleable meat in Australian 
grass-fed beef carcasses for Japan. Meat Science 41, 137 - 145. 
Houseknecht KL, Dwyer DA, Lanna DPD and Bauman DE 1995. Effect of 
somatotropin on adipose tissue metabolism: Ontogeny of the enhanced response to 
adrenergic challenge in the lactating cow. Domestic Animal Endocrinology 12, 105-
113. 
Howard A 1963. The relation between physiological stress and meat quality. In Carcass 
composition and appraisal of meat animals (ed. DE Tribe), pp. 11 - 21, CSIRO, 
Melbourne. 
Hunt MC 1980. Meat Color Measurements. In Reciprocal Meat Conference  
Immonen K, Ruusunen M and Puolanne E 2000a. Some effects of residual glycogen 
concentration on the physical and sensory quality of normal pH beef. Meat Science 55, 
33-38. 
275 
 
Immonen K, Ruusunen M, Hissa K and Puolanne E 2000b. Bovine muscle glycogen 
concentration in relation to finishing diet, slaughter and ultimate pH. Meat Science 55, 
25-31. 
Istratov AA and Vyvenko OF 1999. Exponential analysis in physical phenomena. 
Review of Scientific Instruments 70, 1233-1257. 
Itaya K and Ui M 1965. Colorimetric determination of free fatty acids in biological 
fluids. Journal Lipid Research vol. 6, 16 - 20. 
James DE, Strube M and Muecdler M 1989. Molecular cloning and characterization of 
an insulin-regulatable glucose transporter. Nature 338, 83-87. 
James DE, Brown R, Navarro J and Pilch PF 1988. Insulin-regulatable tissues express a 
unique insulin-sensitive glucose transport protein. Nature 333, 183 - 185. 
Jensen F, Alvardado S, Pirkusny I and Geary C 1995. NBQX blocks the acute and late 
epileltogenic effects of perinatal hypoxia. Epilepsia 36, 966 - 972. 
Jocken JWE and Blaak EE 2008. Catecholamine-induced lipolysis in adipose tissue and 
skeletal muscle in obesity. Physiology & Behavior 94, 219-230. 
Johansen J, Egelandsdal B, Roe M, Kvaal K and Aastveit AH 2007. Calibration models 
for lamb carcass composition analysis using computed tomography (CT) imaging. 
Chemometrics and Intelligent Laboratory Systems 87, 303 - 311. 
Johnson LN, Snape P, Martin JL, Acharya KR, Barford D and Oikonomakos NG 1993. 
Crystallographic binding studies on the allosteric inhibitor glucose-6- phosphate to T 
state glycogen phosphorylase b. Journal of Molecular Biology 232, 253 - 267. 
Johnsson ID and Hart IC 1985. Pre-pubertal mammogenesis in the sheep:1. the effects 
of level of nutrition on growth and mammary development in female lambs. Animal 
Production 41, 323 - 332. 
276 
 
Jones HE, Lewis RM, Young MJ and Wolf BT 2002. The use of X-ray computer 
tomography for measuring the muscularity of live sheep. British Society of Animal 
Science 75, 387 - 399. 
Joost HG and Thorens B 2001. The extended GLUT-family of sugar/polyol transport 
facilitators: nomenclature, sequence characteristics and potential function of its novel 
members - review. Molecular Membrane Biology 18, 247 - 256. 
Jopson NB, Thompson JM and Fennessy PF 1997. Tissue mobilisation rates in male 
fallow deer (Dama dama) as determined by computed tomography: the effects of natural 
and enforced food restriction. Journal of Animal Science 65, 311-320. 
Jose CG, Pethick DW, Jacob RH and Gardner GE 2009. CT scanning carcases has no 
detrimental effect on the colour stability of M. longissimus dorsi from beef and sheep. 
Meat Science 81, 183-187. 
Kadim IT, Purchas RW, Davies AS, Rae AL and Barton RA 1993. Meat quality and 
muscle fibre type characteristics of Southdown rams from high and low backfat 
selection lines. Meat Science 33, 97 - 109. 
Kambadur R, Sharma M, Smith TP and Bass JJ 1997. Mutations in myostatin (GDF8) 
in double-muscled Belgian Blue and Piedmontese cattle. Genome Research 7, 910 - 
916. 
Karlsson AH, Enfalt AC, Essen-Gustavsson B, Lundstrom K, Rydhmer L and Stern S 
1993. Muscle histochemical and biochemical properties in relation to meat quality 
during selection for increased lean tissue growth rate in pigs. Journal of Animal Science 
71, 930 - 938. 
Katsaras K and Peetz P 1990. Morphological changes in dark cutting beef when heated. 
Fleischwirtschaft 70, 68 - 70. 
Kay RNB 1983. Rumen function and physiology. The Veterinary Record 113, 6. 
Kempster AJ, Cuthbertson A and Harrington G 1982. Carcass evaluation in livestock 
breeding, production and marketing. Grenada, London. 
277 
 
Kern M, Wells JA, Stephens JM, Elton CW, Friedman JE, Tapscott EB and al. e 1990. 
Insulin responsiveness in skeletal muscle is determined by glucose transporter (GLUT4) 
protein level. Biochemical Journal 270 397 - 400. 
Knee BW, Cummins LJ, Walker PJ and Warner R 2004. Seasonal variation in muscle 
glycogen in beef steers. Australian Journal of Experimental Agriculture 44, 729 - 734. 
Knee BW, Cummins LJ, Walker PJ, Kearney GA and Warner RD 2007. Reducing dark-
cutting in pasture-fed beef steers by high-energy supplementation. Australian Journal of 
Experimental Agriculture 47, 1277-1283. 
Kraegen EW, James DE, Jenkins AB and Chisholm DJ 1985. Dose-responsive curves 
for in vivo insulin sensitivity in individual tissues in rats. American Journal of 
Physiology, Endocrinology and Metabolism 248, E353 - E362. 
Kuchel O 1991. Stress and catecholamines  In Stress revisited 1, Neuroendocrinolgy of 
stress (eds. G Jasmin and M Cantin), pp. 80 - 103, Karger, Basel, Switzerland. 
Kunst A, Draeger B and Ziegenhorn J 1984. Colorimetric methods with glucose oxidase 
and peroxidase. In Methods of enzymatic analysis (ed. HU Bergmeyer), pp. 163-172, 
Verlag Chemie Academic Press, Inc., Weinheim, Basel, Switzerland. 
Lacourt A and Tarrant PV 1985. Glycogen depletion patterns in myofibres of cattle 
during stress. Meat Science 15, 85-100. 
Lafontan M and Langin D 2009. Lipolysis and lipid mobilization in human adipose 
tissue. Progress in Lipid Research 48, 275 - 297. 
Langin D 2006. Adipose tissue lipolysis as a metabolic pathway to define 
pharmacological strategies against obesity and the metabolic syndrome. 
Pharmacological Research 53, 482 - 491. 
Larzul C, Lefaucheur L, Ecolan P, Gogue J, Talmant A, Sellier P, Le Roy P and Monin 
G 1997. Phenotypic and genetic parameters for longissimus muscle fibre characteristics 
in relation to growth, carcass, and meat quality traits in Large White pigs. Journal 
Animal Science 75, 3126-3137. 
278 
 
Lawrie RA 1992. Conversion of muscle into meat: biochemistry. In The chemistry of 
muscle based foods (eds. DA Ledward, DE Johnston and MK Knight), pp. 43 - 61, 
Royal Society of Chemistry, Cambridge, UK. 
Lee KCB, Siegel J, Webb SED, Lévêque-Fort S, Cole MJ, Jones R, Dowling K, Lever 
MJ and French PMW 2001. Application of the Stretched Exponential Function to 
Fluorescence Lifetime Imaging. Biophysical Journal 81, 1265-1274. 
Leenanuruksa D and McDowell GH 1985. Effects of prolonged intravenous infusions of 
adrenaline on glucose utilization, plasma metabolites, hormones and milk production in 
lactating sheep. Australian Journal of Biological Science 38, 197 - 208. 
Lefaucheur L 2010. A second look into fibre typing - Relation to meat quality. Meat 
Science 84, 257-270. 
Leng RA 1970. Formation and production of volatile fatty acids in the rumen. In 
Physiology of Digestion in the Ruminant (ed. AT Phillipson), pp. 406 - 421, Oriel Press, 
Newcastle. 
Leturque A, Hauguel S, Ferre P and Girard J 1987. Glucose metabolism in pregnancy. 
Biol Neonate 51, 64-69. 
Lienhard GE, Slot JW, James DE and Mueckler MM 1992. How cells absorb glucose. 
Science America 266, 86 - 91. 
Lillioja S, Young AA, Culter CL, Ivy JL, Abbott WG, Zawadzki JK, Yki JH, Christin 
L, Secomb TW and Bogardus C 1987. Skeletal muscle capillary density and fiber type 
are possible determinants of in vivo insulin resistance in man. Journal of Clinical 
Investigation 80, 415 - 424. 
Lindsay DB 1981. Charateristics of the metabolism of carbohydrate in ruminants 
compared with other mammals. In The Problem of Dark Cutting in Beef (eds. DE Hood 
and PVT Hood) Martinus Nijhoff Publishers, The Hague. 
Locker RH and Hagyard CJ 1963. A cold shortening effect in beef muscles. Journal of 
Food Science and Agriculture 14, 787 - 793. 
279 
 
Maccatrozzo L, Patruno M, Toniolo L, Reggiani C and Mascarello F 2004. Myosin 
heavy chain 2B isoform is expressed in specialized eye muscles but not in trunk and 
limb muscles of cattle. European Journal of Histochemistry 48, 357 - 366. 
Marbach EP and Weil MH 1967. Rapid enzymatic measurement of blood lactate and 
pyruvate. Journal of Clinical Chemistry 13, 314 - 325. 
Marette A, Richardson JM, Ramlal T, Balon TW, Vranic M, Pessin JE and Klip A 
1992. Abundance, localization, and insulin-induced translocation of glucose transporters 
in red and white muscle. American Journal of Physiology. Cell Physiology 263, C443 - 
C452. 
Marinchenko GV, McNamara JP, Becker-Khaleel B and Parmley K 1992. Growth 
hormone alters metabolic effects and proteolysis of insulin in adipose tissue during 
lactation. In Society for Experimental Biology and Medicine, p. 57. 
Martin KM, McGilchrist P, Thompson JM and Gardner GE 2011. Progeny of high 
muscling sires have reduced muscle response to adrenaline in sheep. animal 5, 1060-
1070. 
Martin W, Murphree S and Saffitz J 1989. Beta-adrenergic receptor distribution among 
muscle fibre types and resistance arterioles of white, red, and intermediate skeletal 
muscle. Circulation Research 64, 1096 - 1105. 
Mathews CK and van Holde KE 1996. Biochemistry. Benjamin/Cummings Publishing 
Co. Inc., Melano Park. 
Mauriege P, Pergola GD, Berlan M and Lafontan M 1988. Human fat cell beta-
adrenergic receptors: beta agonist-dependent lipolytic responses and characterisation of 
beta-adrenergic binding sites on human fat cell membranes with highly selective beta 1-
antagonists. Journal of Lipid Research 29, 587 - 601. 
May SG, Mies WL, Edwards JW, Harris JJ, Morgan JB, Garrett RP, Williams FL, Wise 
JW, Cross HR and Savell JW 2000. Using live estimates and ultrasound measurements 
to predict beef carcass cutability. Journal Animal Science 78, 1255-1261. 
280 
 
Mayes PA and Bender DA 2003. Metabolism of Glycogen. In Harper's Biochemistry 
(eds. J Foltin, J Ransom and J Matragrano Oransky) McGraw-Hill, New York. 
McCann JP and Reimers TJ 1985. Glucose response to exogenous insulin and kinetics 
of insulin metabolism in obese and lean heifers. Journal of Animal Science 61, 612-618. 
McCullogh P and Nelder JA 1989. Generalized Linear Models - 2nd Edition. Chapman 
& Hall, London. 
McCutcheon SN and Bauman DE 1986. Effect of chronic growth hormone treatment on 
responses to epinephrine and thyrotropin-releasing hormone in lactating cows. Journal 
of Dairy Science 69, 44-51. 
McDonald P, Edwards RA, Greenhalgh JFD and Morgam CA 1995. Animal Nutrition. 
Pearson Education Limited, Essex. 
McIntyre BL 1989. The incidence of meat with high ultimate pH from yearling 
Kimberley Shorthorn cattle. In Dark cutting in sheep and cattle Eds. SU Fabiansson, 
WR Shorthose and RD Warner), pp. 86 - 92. Australian Meat and Livestock Research 
and Development Corporation, Sydney. 
McKiernan WA 1990. New developments in live animal appraisal of meat quantity in 
beef cattle. In 8th Proceedings of the Australian Association of Animal Breeding and 
Genetics, Hamilton, New Zealand, pp. 447-450. 
McKiernan WA 2001. Breeding for divergence in muscling. In Proceedings of Beef 
Products Conference, Orange, NSW, Australia, pp. 42 - 45. 
McKiernan WA 2007. Muscle scoring beef cattle. In Primefacts - Profitable and 
Sustainable Primary Industries, pp. 1 - 5. N.S.W. Department of Primary Industries, 
Orange. 
McKiernan WA, Meaker G, Creak C and Pitt S 2002. Breeding for divergence in 
muscling In The Elizabeth Macarthur Agricultural Institute Beef Cattle Project N.S.W. 
Department of Agriculture. 
281 
 
McPherron AC and Lee S-J 1997. Double muscling in cattle due to mutations in the 
myostatin gene. In The National Academy of Sciences USA, pp. 12457 - 12461. 
McPherron AC, Lawler AM and Lee SJ 1997. Regulation of skeletal muscle mass in 
mice by a new TGF-beta superfamily member. Nature 387, 83 - 90. 
McVeigh JM and Tarrant PV 1982. Glycogen content and repletion rates in beef 
muscle, effect of feeding and fasting. Journal of Nutrition 112, 1306-1314. 
MLA 2006. Module 6: Meat Standards Australia Grading. In, pp. 1 - 111. Meat & 
Livestock Australia, Sydney. 
MLA 2009. Australia's beef industry. In Fast facts 2009 Meat & Livestock Australia, 
Sydney. 
Monin G 1981a. Muscle metabolic type and the DFD condition. In The problem of dark 
cutting beef. Current topics in veterinary medicine and animal science (eds. DE Hood 
and PV Tarrant), pp. 63 - 85, Martinus Nijhoff, The Hague. 
Monin G 1981b. Double muscling and sensitivity to stress. In The problem of dark 
cutting beef. Current topics in veterinary medicine and animal science (eds. DE Hood 
and PV Tarrant), pp. 199 - 208, Martinus Nijhoff The Hague. 
Moss BW 1992. Lean meat, animal welfare and meat quality. In The chemistry of 
muscle-based foods (eds. DE Johnston and MK Knight) The Royal Society of 
Chemistry, Cambridge, U.K. 
MSA 1999. Grading for Eating Quality - Development of the Meat Standards Australia 
Grading System. Meat Standards Australia, Newstead. 
MSA 2010. Meat Standards Australia feedback and benchmarking system. In pH Report 
Meat & Livestock Australia, Sydney. 
Mueckler M, Caruso C, Baldwin SA, Panico M, Blench I, Morris HR, Allard WJ, 
Lienhard GE and Lodish HF 1985. Sequence and structure of a human glucose 
transporter. Science 229, 941 945. 
282 
 
Mulder H, Sorhede-Winzell M, Contreras JA, Fex M, Strom K, Ploug T and al. e 2003. 
Hormone-sensitive lipase null mice exhibit signs of impaired insulin sensitivity whereas 
insulin secretion is intact. Journal of Biological Chemistry 278, 36380 - 36388. 
Mull RT 1984. Mass estimates by computed tomography:physical density from CT 
numbers. American Journal of Roentgenology 143, 1101-1104. 
Murray RK, Granner DK, Mayes PA and Rodwell VW 2000. Harper's Biochemistry. 
McGraw-Hill, New York. 
Navajas EA, Glasbey CA, Fisher AV, Ross DW, Hyslop JJ, Richardson RI, Simm G 
and Roehe R 2010. Assessing beef carcass tissue weights using computed tomography 
spirals of primal cuts. Meat Science 84, 30 - 38. 
Nelson DL and Cox MM 2000. Lehninger Principles of Biochemistry. Worth 
Publishers, New York. 
Newton KG and Gill CO 1981. The microbiology of DFD fresh meats: A review. Meat 
Science 5, 223-232. 
Nolan JJ, Ludvik B, Beerdsen P, Joyce M and Olefsky J 1994. Improvement in glucose 
tolerance and insulin resistance in obese subjects treated with troglitazone. New 
England Journal of Medicine 331, 1188-1193. 
Novakofski J, Brenner K, Easter R, McLaren D, Jones R, Ingle D and Bechtel P 1988. 
Effects of porcine somatotropin on swine metabolism. FASEB Journal 2, A848. 
O'Keeffe M and Hood DE 1982. Biochemical factors influencing metmyoglobin 
formation on beef from muscles of differing colour stability. Meat Science 7, 209-228. 
O'Rourke BA, Dennis JA, Healy PJ, McKiernan WA, Greenwood PL, Cafe LM, Perry 
D, Walker KH, Marsh I, Parnell PF and Arthur PF 2009. Quantitative analysis of 
performance, carcass and meat quality traits in cattle from two Australian beef herds in 
which a null myostatin allele is segregating. Animal Production Science 49, 297-305. 
283 
 
Olefsky JM, Marshall S, Berhanu P, Saekow M, Heidenreich K and Green A 1982. 
Internalization and intracellular processing of insulin and insulin receptors in 
adipocytes. Metabolism 31, 670. 
Olsson KE and Saltin B 1970. Variation in total body water with muscle glycogen 
changes in man. Acta Physiologica Scandinavica 80, 11-18. 
Opie LH and Newsholme EA 1967. The activities of fructose 1,6-diphosphatase, 
phosphofructokinase and phosphoenolpyruvate carboxykinase in white muscle and red 
muscle. Biochemical Journal 103, 391 - 399. 
Orskov ER and Oltjen RR 1967. Influence of carbohydrate and nitrogen sources on the 
rumen volatile fatty acids and ethanol of cattle fed purified diets. Journal of Nutrition 
93, 222. 
Orskov ER and Ryle M 1990. Energy nutrition in ruminants. Elsevier Applied Science, 
London. 
Osterc J 1974. Diameter and number of muscle fibers in musculus longissimus dorsi in 
connection with production properties of some cattle breeds. University of Ljubljana. 
Parker PJ, Caudwell FB and Cohen P 1983. Glycogen synthase from rabbit skeletal 
muscle; effect of insulin on the state of phosphorylation of the seven phosphoserine 
residues in vivo. European Journal of Biochemistry 130, 227 - 234. 
Perry D, McKiernan WA and Yeates AP 1993a. Muscle score: its usefulness in 
describing the potential yield of saleable meat from live steers and their carcasses. 
Australian Journal of Experimental Agriculture 33, 275-281. 
Perry D, Yeates AP and McKiernan WA 1993b. Meat yield and subjective muscle 
scores in medium weight steers. Australian Journal of Experimental Agriculture 33, 
825-831. 
Perry D, Shorthose WR, Ferguson DM and Thompson JM 2001. Methods used in the 
CRC program for the determination of carcass yield and beef quality. Australian Journal 
of Experimental Agriculture 41, 953-957. 
284 
 
Peter JB, Barnard RJ, Edgerton VR, Gillespie CA and Stemple KE 1972. Metabolic 
profiles of three fiber types of skeletal muscle in guinea pigs and rabbits. Biochemistry 
11, 2627 - 2633. 
Petherick JC, Holroyd RG, Doogan VJ and Venus BK 2002. Productivity, carcass and 
meat quality of lot-fed Bos indicus cross steers grouped according to temperament. 
Australian Journal of Experimental Agriculture 42, 389-398. 
Pethick DW and Vernau B 1984. The effect of acetate on the utilization of glucose by 
skeletal muscle of the sheep hindlimb. Canadian Journal of Animal Science 64 
(Supplement). 
Pethick DW and Dunshae FR 1996. The partitioning of fat in farm animals. In 
Proceedings of the Nutrition Society of Australia, Sdney, NSW, pp. 3 - 13. 
Pethick DW, Rowe JB and McIntyre BL 1994. Effect of diet and exercise on glycogen 
levels in the muscle of cattle. In Australian Society of Animal Production, p. 403. 
Pethick DW, Rowe JB and Tudor GD 1995. Glycogen metabolism and meat quality. In 
Proceedings of recent advances in animal nutrition in Australia Eds. JB Rowe and JV 
Nolan), pp. 97 - 103. Department of Animal Science, University of New England, 
Armidale, N.S.W. 
Pethick DW, Harper GS and Oddy VH 2004. Growth, development and nutritional 
manipulation of marbling in cattle: a review. Australian Journal of Experimental 
Agriculture 44, 705 - 715. 
Pethick DW, Harper G and Dunshae FR 2005a. Fat metabolism and turnover. In 
Quantitative aspects of ruminant digestion and metabolism (eds. J Dijkstra, JM Forbes 
and J France.), pp. 345 - 372, CABI Publishing, Wallingford, UK. 
Pethick DW, Banks RG, Hales J and Ross IR 2006. Australian prime lamb - a vision for 
2020. International Journal of Sheep & Wool Science 54, 66 - 73. 
Pethick DW, Ferguson DM, Gardner GE, Hocquette JF, Thompson JM and Warner RD 
2005b. Muscle metabolism in relation to genotypic and environmental influences on 
285 
 
consumer defined quality of red meat. In Indicators of milk and beef quality (eds. JF 
Hocquette and S Gigli), pp. 95 - 110, Wageningen Academic Publishers, Wageningen, 
the Netherlands. 
Pette D and Staron RS 2001. Transitions of muscle fiber phenotypic profiles. 
Histochemistry and Cell Biology 115, 359 - 372. 
Picard B and Cassar-Malek I 2009. Evidence for expression of IIb myosin heavy chain 
isoform in some skeletal muscles of Blonde d‟Aquitaine bulls. Meat Science 82, 30 - 
36. 
Picard B, Duris MP and Jurie C 1998. Classification of bovine muscle fibres by 
different histochemical techniques. The Histochemical Journal 30, 473-477. 
Picard B, Jurie C, Duris MP and Renand G 2006. Consequences of selction for higher 
growth rate on muscle fibre development in cattle. Livestock Science 102, 107 - 120. 
Pitt RE, kessel JSV, Fox DG, Pell AN, Barry MC and Soest PJV 1996. Prediction of 
ruminal volatile fatty acids and pH within the net carbohydrate and protein system. 
Journal of Animal Science 74, 226 - 244. 
Polkinghorne RJ 2006. Implementing a palatability assured critical control point 
(PACCP) approach to satisfy consumer demands. Meat Science 74, 180-187. 
Price TB, Rothman DL and Shulman RG 1999. NMR of glycogen in exercise. In 
Nutrition Society, pp. 851 - 859. 
Proud CG 2006. Regulation of protein synthesis by insulin. Biochemical Society 
Transactions 34, 213 - 216. 
Purchas RW and Aungsupakorn R 1993. Further investigations into the relationship 
between ultimate pH and tenderness for beef samples from bulls and steers. Meat 
Science 34, 163 - 178. 
Rahelic S and Puac S 1981. Fibre types in longissimus dorsi from wild and highly 
selected pig breeds. Meat Science 5, 439 - 450. 
286 
 
Realini CE, Williams RE, Pringle TD and Bertrand JK 2001. Gluteus medius and rump 
fat depths as additional live animal ultrasound measurements for prediction retail 
product and trimmable fat in beef carcasses. Journal of Animal Science 79, 1378-1385. 
Reggiani C and Mascarello F 2004. Fibre type identification and functional 
characterization in adult livestock animals. In Muscle development of livestock animals. 
Physiology, genetics and meat quality (eds. M.F.W. te Pas, M.E. Everts and HP 
Haagsman), pp. 39 - 68, CAB International, Wallingford. 
Renerre M 1984. Variabilité entre muscles et entre animaux de la stabilité de la couleur 
des viandes bovines. Sciences des Aliments 4, 567 - 584. 
Renerre M and Labas R 1987. Biochemical factors influencing metmyoglobin formation 
in beef muscles. Meat Science 19, 151-165. 
Reverter A, Johnston DJ, Ferguson DM, Perry D, Goddard ME, Burrow HM, Oddy VH, 
Thompson JM and Bindon BM 2003. Genetic and phenotypic characterisation of 
animal, carcass, and meat quality traits from temperate and tropically adapted beef 
breeds. 4. Correlations among animal, carcass, and meat quality traits. Australian 
Journal of Agricultural Research 54, 149-158. 
Reynisdttir S, Wahrenberg H, Carlstrom K, Rossner S and Arner P 1994. 
Catecholamine resistance in fat cells of women with upper body obesity due to 
decreased expression of beta 2-adrenoreceptors. Diabetologia 37, 428 - 435. 
Richter EA, Ruderman NB, Haralambos G, Belur ER and Galbo H 1982. Muscle 
glycogenolysis during exercise: dual control by epinephrine and contractions. American 
Journal of Physiology 242, E25 - E32. 
Robelin J and Geay Y 1975. Estimation de la composition de la carcasse des taurillons á 
partir de la composition de la 6a côte. Bull. Tech. 22, 41 - 43. 
Rodriguez IR and Whelan WJ 1985. A novel glycosyl-amino acid linkage: rabbit-
muscle glycogen is covalently linked to a protein via tyrosine. Biochemical and 
Biophysical Research Communications 132, 829 - 836. 
287 
 
Roeder RA, Hossner KL, Sasser RG and Gunn JM 1988. Regulation of protein turnover 
by recombinant human insulin-like growth factor-I in L6 myotube cultures. Hormone 
Metabolism Research 20, 698-700. 
Romans JR, Costello WJ, Carlson CW, Greaser ML and Jones KW 1994. The meat we 
eat. Interstate Publishers Inc., Danville, Ill. 
Rose MT, Weekes TEC and Rowlinson P 2009. Relationship between the milk yield 
response to short-term bovine somatotropin treatment and the lipolytic response to 
adrenaline in dairy cows. Domestic Animal Endocrinology 36, 24-31. 
Royston JP 1992. Approximating the Shapiro-Wilk's W test for nonnormality. Statistics 
and Computing 2, 117 - 119. 
Russell-Jones DL, Umpleby AM and Hennessy TRea 1994. Use of a leucine clamp to 
demonstrate that IGF-I actively stimulates protein synthesis in normal humans. 
American Journal of Physiology 267, E591 - E598. 
Ruusunen M and Puolanne E 2004. Histochemical properties of fibre types in muscles 
of wild and domestic pigs and the effect of growth rate on muscle fibre properties. Meat 
Science 67, 533 - 539. 
Salans LB, Knittle JL and Hirsch J 1968. The role of adipose cell size and adipose tissue 
insulin sensitivity in the carbohydrate intolerance of human obesity. The Journal of 
Clinical Investigation 47, 153 - 165. 
Saltin B and Gollnick P 1983. Skeletal muscle adaptability: significance for 
metabolisms and performance. In Handbook of Physiology - Skeletal muscle Section 10 
(ed. LD Peachy) American Physiological Society, Maryland, USA. 
Samra JS, Clark ML, Humphreys SM, MacDonald IA, Bannister PA, Matthews DR and 
al. e 1999. Supression of the nocternal rise in growth hormone reduces subsequent 
lioplysis in subcutaneous adipose tissue. European Journal of Clinical Investigation 29, 
1045 - 1052. 
SAS 2001. Statistical analysis system. In SAS Institute Incorporated, Cary, NC. 
288 
 
Scanga JA, Belk KE, Tatum JD, Grandin T and Smith GC 1998. Factors contributing to 
the incidence of dark cutting beef. Journal of Animal Science 76, 2040 - 2047. 
Schiaffino S and Reggiani C 1996. Molecular diversity of myofibrillar proteins: Gene 
regulation and functional significance. Physiological Reviews 76, 371 – 423. 
Schiaffino S, Gorza L, Sartore S, Saggin L, Ausoni S, Vianello M and al. e 1989. Three 
myosin heavy chain isoforms in type 2 skeletal muscle fibres. Journal of Muscle 
Research and Cell Motility 10, 197 - 205. 
Seal CJ and Reynolds CK 1993. Nutritional implications of gastrointestinal and liver 
metabolism in ruminants. Nutrition Research Reviews 6, 185-208. 
Sechen SJ, Dunshea FR and Bauman DE 1990. Somatotropin in lactating cows: effect 
on response to epinephrine and insulin. American Journal Physiology Endocrinology 
and Metabolism 258, E582-E588. 
Seideman SC, Cross HR, Smith GC and Durland PR 1984. Factors associated with fresh 
meat colour: a review. Journal of Food Quality 6, 211-237. 
Sejrsen K, Huber JT and Tucker HA 1983. Influence of amount fed on hormone 
concentrations and their relationship to mammary growth in heifers. Journal of Dairy 
Science 66, 845-855. 
Sellick GS, Pitchford WS, Morris CA, Cullen NG, Crawford AM, Raadsma HW and 
Bottema CD 2007. Effect of myostatin F94L on carcass yield in cattle. Animal Genetics 
38, 440 - 446. 
Sellier P and Monin G 1994. Genetics of pig meat quality: a review. Journal of Muscle 
Foods 5, 187 - 219. 
Shorthose WR 1989. Dark cutting in beef and sheep carcasses under the different 
environments in Australia. In Dark cutting in sheep and cattle Eds. SU Fabiansson, WR 
Shorthose and RD Warner), pp. 8 - 18. Australian Meat and Livestock Research and 
Development Corporation, Sydney. 
289 
 
Sillence MN 2004. Technologies for the control of fat and lean deposition in livestock 
The Veterinary Journal 167, 242 - 257. 
Silverthorn DU 2001. Human Physiology - An Intergrated Approach. Prentice Hall Inc., 
Upper Saddle River. 
Simm G 2000. Genetic improvement of cattle and sheep. Farming Press, Tonbridge. 
Simmons NJ, Auld MM, Thomson B, Cairney JM and Daly CC 2000. Relationship 
between intermediate pH toughness in the striploin and other meuslce of the beef 
carcass. In Proceedings of the New Zealand Society of Animal Production, pp. 117 - 
119. 
Smith GC, Savell JC, Morgan JB and Lawrence TE 2005. Final report of the national 
beef quality audit - 2005: A new benchmark for the U. S. Beef Industry. In National 
Cattlemen‟s Beef Association, Centennial, Colorado. 
Smith GC, J. W. Savell, H. G. Dolezal, T. G. Field, D. G. Gill, D. B. Griffin, D. S. Hale, 
J. B. Morgan, S. L. Northcutt, J. D. Tatum, R. Ames, S. Boleman, S. Boleman, B. 
Gardner, W. Morgan and Smith. M 1995. The national beef quality audit. In Colorado 
State University, Fort Collins; Oklahoma State University, Stillwater; Texas A&M 
University, College Station. 
Smythe C, Caudwell FB, Ferguson M and Cohen P 1988. Isolation and structural 
analysis of a peptide containing the novel tyrosyl-glucose linkage in glycogenin. EMBO 
Journal 7, 2681 - 2686. 
Sprang SR, Goldsmith EJ, Fletterick RJ, Withers SG and Madsen NB 1982. Catalytic 
site of glycogen phosphorylase: structure of the T state and specificity for alpha-D-
glucose. Biochemistry 21, 5364 - 5371. 
Sprang SR, Acharya KR, Goldsmith EJ, Stuart DI, Varvill K, Fletterick RJ, Madsen NB 
and Johnson LN 1988. Structural changes in glycogen phosphorylase induced by 
phosphorylation. Nature 336, 215 - 221. 
290 
 
Stalmans W, De Wulf H, Lederer B. and Hers HG 1970. The effect of glucose and of a 
treatment by glucocorticoids on the inactivation in vitro of liver glycogen 
phosphorylase. European Journal of Biochemistry 15, 9 - 12. 
Stangassinger M and Geisecke D 1986. Splanchnic metabolism of glucose and related 
energy substartes. In Control of Digestion and Metabolism in Ruminants (eds. LP 
Mulligan Grovum and WL Dobson), pp. 347 - 366, Prentice-Hall, New Jersey. 
Steckler T 2005. Chapter 1.2 The neuropsychology of stress. In Techniques in the 
Behavioral and Neural Sciences (eds. NHK T. Steckler and JMHM Reul), pp. 25-42, 
Elsevier. 
Stephens MA 1974. EDF Statistics for goodness of fit and some comparisons. Journal 
of the American Statistical Association 69, 730 - 737. 
Stitt M 1984. Citrate synthase (condensing enzyme). In Methods of enzymatic analysis 
(ed. HU Bergmeyer), pp. 353 - 358, VCH Verlagsgesellschaft, Weinheim, Germany. 
Stryer L 1988. Biochemistry. W. H. Freeman and Company, New York. 
Sudre K, Cassar-Malek I, Listrat A, Ueda Y, Leroux C, Jurie C, Auffray C, Renand G, 
Martin P and Hocquette J-F 2005. Biochemical and transcriptomic analyses of two 
bovine skeletal muscles in Charolais bulls divergently selected for muscle growth. Meat 
Science 70, 267-277. 
Swatland HJ 1984. The radial distribution of succinate dehydrogenase activity in 
porcine muscle fibres. Histochemical Journal 16, 329 - 381. 
Swatland HJ and Kieffer NM 1974. Fetal development of the double muscled condition 
in cattle. Journal of Animal Science 38, 752 - 757. 
Swynghedauw B 1986. Developmental and functional adaptation of contractile proteins 
in cardiac and skeletal muscles. Physiological Reviews 66, 710 - 771. 
291 
 
Tait RGJ, Wilson DE and Rouse GH 2005. Prediction of retail product and trimmable 
fat yields from the four primal cuts in beef cattle using ultrasound or carcass data. 
Journal of Animal Science 83, 1353 - 1360. 
Talmant A and Monin G 1986. Activities of metabolic and contractile enzymes in 18 
bovine muscles. Meat Science 18 23 - 40. 
Tanabe R-i, Muroya S and Chikuni K 1998. Sequencing of the 2a, 2x, and slow 
isoforms of the bovine myosin heavy chain and the different expression among muscles. 
Mammalian Genome 9, 1056-1058. 
Tarrant PV 1989. Animal behaviour and environment in the dark-cutting condition. In 
Dark cutting in sheep and cattle Eds. SU Fabiansson, WR Shorthose and RD Warner), 
pp. 8 - 18. Australian Meat and Livestock Research and Development Corporation, 
Sydney. 
Tavernier G, Barbe P, Galitzky J, Berlan M, Caput D, Lafontan M and al. e 1996. 
Expression of β3-adrenoreceptors with low lipolytic action in human subcutaneous fat 
cells. Journal of Lipid Research 37, 87 - 97. 
Taylor C, Cox AJ, Kernohan JC and Cohen P 1975. Debranching enzyme from rabbit 
skeletal muscle - Purification, properties and physiological role. European Journal of 
Biochemistry 51, 105 - 115. 
Team RDC 2008. R: A language and environment for statistical computing. In R 
Foundation for Statistical Computing, Vienna, Austria. 
Thompson JM 2002. Managing meat tenderness. Meat Science 62, 295-308. 
Thompson JM, Perry D, Daly B, Gardner GE, Johnston DJ and Pethick DW 2006. 
Genetic and environmental effects on the muscle structure response post-mortem. Meat 
Science 74, 59-65. 
Thorens B 1996. Glucose transporters in the regulation of intestinal, renal and liver 
glucose fluxes. American Journal of Physiology 270, G541 - 553. 
292 
 
Tindal JS, Knaggs GS, Hart IC and Blake LA 1978. Release of growth hormone in 
lactating and non-lactating goats in relation to behaviour, stages of sleep, 
electroencephalographs, environmental stimuli and levels of prolactin, insulin, glucose 
and free fatty acids in the circulation. Journal of Endocrinology 76, 333 - 346. 
Totland GK and Kryvi H 1991. Distribution patterns of muscle fibre types in major 
muscles of the bull (Bos taurus). Anatomy and Embryology 184, 441-450. 
Trinder P 1969. Determination of glucose in blood using glucose oxidase with an 
alternative oxygen acceptor. Annals of Clinical Biochemistry 6, 24 - 27. 
Trout GR 1991. A rapid method for measuring pigment concentration in porcine and 
other low pigmented muscles. In Proceedings of the 37th international congress of meat 
science and technology, Kurmbach,Germany, pp. 1198-1201. 
Umpleby AM and Russell-Jones DL 1996. The hormonal control of protein metabolism. 
Baillière's Clinical Endocrinology and Metabolism 10, 551-570. 
Unruh JA, Kastner CL, Kropf DH, Dikeman ME and Hunt MC 1986. Effects of low-
voltage electrical stimulation during exsanguination on meat quality and display colour 
stability. Meat Science 18, 281-293. 
USEPA 1991. Methods for the determination of metals in environmental samples. In 
(Ed. EMS Laboratory), Cincinnati, Ohio  
Van der Walt JG 1994. Somatotropin physiology - a review. South African Journal of 
Animal Science 24, 1 - 9. 
Van Soest PJ 1994. Nutritional ecology of the ruminant. Cornell University, Ithaca. 
Venema HW, Hulsmans FJ and den Heeten GJ 2001. CT angiography of the circle of 
Willis and intracranial internal carotid arteries: maximum intensity projection with 
matched mask bone elimination-feasibility study. Radiology 218, 893-898. 
293 
 
Vernon RG 1981. Lipid metabolism in the adipose tissue of ruminant animals. In Lipid 
Metabilism in Ruminant Animals (ed. WW Christie), pp. 279 - 362, Pergamon Press, 
Oxford. 
Viljoen HF, de Kock HL and Webb EC 2002. Consumer acceptability of dark, firm and 
dry (DFD) and normal pH beef steaks. Meat Science 61, 181 - 185. 
Villar-Palasi C and Larner J 1960. Insulin-mediated effect on the activity of UDPG-
glycogen transglucosylase of muscle. Biochimica et Biophysica Acta 39, 171 - 173. 
Voisinet BD, Grandin T, O'Connor SF, Tatum JD and Deesing MJ 1997a. Bos indicus-
cross feedlot cattle with excitable temperaments have tougher meat and a higher 
incidence of borderline dark cutters. Meat Science 46, 367-377. 
Voisinet BD, Grandin T, Tatum JD, O'Connor SF and Struthers JJ 1997b. Feedlot cattle 
with calm temperaments have higher average daily gains than cattle with excitable 
temperaments. Journal of Animal Science 75, 892 - 896. 
Warner RD 1989. Dark-cutting meat in beef carcasses in Victoria. In Dark cutting in 
sheep and cattle Eds. SU Fabiansson, WR Shorthose and RD Warner), p. 92. Australian 
Meat and Livestock Research and Development Corporation, Sydney. 
Watanabe A, Daly CC and Devine CE 1995. The effects of ultimate pH of meat on 
tenderness changes during ageing. Meat Science 42, 67 - 78. 
Watson RT and Pessin JE 2001. Intracellular organization of insulin signaling and 
GLUT4 translocation. Recent Progress in Hormone Research 56, 175-194. 
Weekes TEC 1979. Carbohydarte Metabolism. In Digestive Physiology and Nutrition of 
Ruminants (ed. DC Church), pp. 187 - 209, O & B Books Inc., Oregan. 
Weekes TEC 1991. Hormonal control of glucose metabolism. In Proceedings of 7th 
International  Symposium on Ruminant Physiology Eds. T Tsuda, Y Sasaki and R 
Kawashima), p. 183. Academic Press, San Diego, CA, Japan. 
294 
 
Wegner J, Albrecht E and Ender K 1998. Morphological aspects of growth in 
subcutaneous and intramuscular adipocytes in cattle. Archiv Fur Tierzucht-Archives of 
Animal Breeding 41, 313-320. 
Wegner J, Albrecht E, Fiedler I, Teuscher F, Papstein HJ and Ender K 2000. Growth- 
and breed-related changes of muscle fiber characteristics in cattle. Journal of Animal 
Science 78, 1485-1496. 
Wegner OH 1993. Whole body computed tomography. Blackwell Scientific 
Publications, Oxford. 
Weiler U, Appell HJ, Kremser M, Hofäcker S and Claus R 1995. Consequences of 
selection on muscle composition. A comparative study on gracilis muscle in wild and 
domestic pigs. Anatomia Histologia Embryologia 24, 77 - 80. 
Weiss A, Schiaffino S and Leinwand LA 1999. Comparative sequence analysis of the 
complete human sarcomeric myosin heavy chain family: Implications for functional 
diversity. Journal of Molecular Biology 290, 61 - 75. 
Whelan WJ 1971. Enzymic explorations of the structures of starch and glycogen. 
Biochemistry Journal 122, 609 - 622. 
White H 1980. A heteroskedasticity-consistent covariance matrix estimator and a direct 
test for heteroskedasticity. Econometrica 48, 817 - 838. 
Wijkander J, Landstrom TR, Manganiello V, Belfrage P and Dergerman E 1998. 
Insulin-induced phosphorylation and activation of phosphodiesterase 3B in rat 
adipocytes, possible role for protein kinase B but not mitogen-activated protein kinase 
or p70 S6 kinase. Endocrinology 139, 219 - 227. 
Williams RE, Bertrand JK, Williams SE and Benyshek LL 1997. Biceps femoris and 
rump fat as additional ultrasound measurements for predicting retail product and 
trimmable fat in beef caracsses. Journal of Animal Science 75, 7-13. 
295 
 
Wood JD and Warris PD 1992. The influence of the manipulation of carcass 
composition on meat quality. In The control of fat and lean deposition (eds. PJ Buttery, 
KN Boorman and DB Lindsay), pp. 331 - 334, Butterworths Heinmann, Oxford. 
Young MJ, Lewis RM, McLean KA, Robson NAA, Fraser J, Fitzsimons J, Donbavand J 
and Simm G 1999. Prediction of carcass composition in meat breeds of sheep using 
computer tomography. In Bristish Society of Animal Production, p. 43. 
Young O and Foot D 1984. The biochemical basis of fibre types in bovine muscles. 
Meat Science 11, 123  
Ziel FH, Venkatesan N and Davidson MB 1988. Glucose transport is rate limiting for 
skeletal muscle glucose metabolism in normal and STZ-induced diabetic rats. Diabetes 
37, 885 - 890. 
Zierler K 1999. Whole body glucose metabolism. American Journal of Physiology, 
Endocrinology and Metabolism 276, E409- E426. 
Zimmermann R, Strauss JG, Haemmerle G, Schoiswohl G, Birner-Gruenberger R, 
Riederer M, Lass A, Neuberger G, Eisenhaber F, Hermetter A and Zechner R 2004. Fat 
mobilisation in adipose tissue is promoted by adipose triglyceride lipase. Science 306, 
1383 - 1386. 
Zubay G 1983. Biochemistry. Wm. C. Brown Publishers, Dubuque. 
 
 
